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ABSTRACT 
Four areas are considered in this study. In Ontario, 
north-south traverses were made along Highway 599 between 
Savant Lake and Central Patricia, along the Vermilion River 
road (40 kilometers northeast of Sioux Lookout) and along 
Highway 105 between Vermilion Bay and Ear Falls (Fig. 3). 
The fourth area is centered at Bird River, northeast of 
Lac du Bonnet, Manitoba. The study areas are located in 
the Uchi, English River and Wabigoon Subprovinces. 
The traverse along Highway 599 between Savant Lake and 
Central Patricia crosses the three subprovinces (Fig. 3). 
Pelites in the eastern Lake St. Joseph area (Uchi Sub-
province) and Wabigoon Subprovince indicate that 
metamorphic conditions were 2-4 kb and 425-600°C (Fig. 3). 
The Vermilion River logging road crosses the English 
River Subprovince and has four lithologies that are useful 
in determining metamorphic conditions: hypersthene ± 
clinopyroxene granulites, biotite, biotite-garnet, and 
biotite-garnet-cordierite paragneisses (Fig. 3). Garnet-
cordierite geobarometry yielded pressures of 3.8-6.S kb. 
The metamorphic temperatures increased slightly for the four 
lithologies: biotite gneisses (<610-650°C), biotite-garnet 
xi 
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gneisses (610-670°C), and granulites and biotite-garnet-
cordierite gneisses (650-750°C) . 
The Red Lake road traverse crosses 3-4 km of the 
extreme northern Wabigoon Subprovince and approximately 90 
km of the English River Subprovince (Fig. 3). The rocks of 
the North and South Domains of the English River Sub-
province were probably metamorphosed at 650-750°C and 
5-7.5 kb. 
The Bird River greenstone belt is located approxi-
mately 200 km northeast of Winnipeg in the English River 
Subprovince (Fig. 3, 34). Metamorphic temperatures were 
usually 450-600°C and were estimated from metamorphic 
assemblages. The cormnon occurrence of andalusite in the 
pelites suggests that metamorphic pressures did not exceed 
4 kb in most of the belt. Carbonate-rich rnetabasites at 
the Bird River Bridge may have had Xco2 values that 
exceeded 0.15. 
Two tectonic models for the formation of the Uchi, 
English River, and Wabigoon subprovinces were derived from 
the pressure and temperature data, along with geophysical 
and structural information from other studies. A non-
subduction model assumes that Archean plates were too thin 
and hot to be subducted (Fig. 43-47). The plate tectonics 
model includes subducting plates and is based on the work 
of Langford and Morin (1976) (Fig. 49) . 
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CHAPTER 1 
GENERAL GEOLOGY 
Introduction 
Precambrian shields are located in every continent. In 
North America, a Precambrian shield covers eastern Canada 
and to a lesser extent the continental United States (Fig . 
1). The eastern Canadian outcrops, or the Canadian Shield, 
are divided into several provinces by age (Fig. 1). 
The study areas of northwestern Ontario and southeast-
ern Manitoba are located in the Superior Province, which is 
Archean (2500-3800 million years old) (Fig. l; Condie 1976, 
p. 90). The province is divided into several subprovinces, 
each having its own distinctive metamorphic grades, 
lithologies, and structures (Fig. 2). The boundaries 
between the subprovinces are usually large faults, which 
have been mapped through geophysical or field studies. The 
study areas of Manitoba and Ontario are located in Uchi, 
English River, and Wabigoon Subprovinces (Fig. 3) . 
Four areas are considered in this study. In Ontario, 
north-south traverses were made along Highway 599 between 
Savant Lake and Central Patricia, along the Vermilion River 
road (40 kilometers northeast of Sioux Lookout) and along 
Highway 105 between Vermilion Bay and Ear Falls. The 
4 
5 
Fig. 1. Major Precambrian Provinces of North America 
(modified after Condie 1976). 
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Fig. 2. Subprovinces of the Archean southern Superior 
Province (modified after Condie 1976). 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
N; 
• 
0 
I 
• 
• 
• 
Churchill 
A<IAN1roaA 
500 
I 
Km 
8 
US-A 
HUDSON 
BAY 
9 
Fig. 3. Subprovinces and geographical features of 
Northwestern Ontario (modified from Breaks et al. 1978a). 
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11 
fourth area is centered at Bird River, northeast of 
Lac Du Bonnet, Manitoba (Fig. 3). 
Back 
in 
The Uchi Subprovince 
The Uchi Subprovince, located north of the English 
River Subprovince, has been called the Red Lake Block by 
Wilson (1971) and the Uchi Lake Belt by Riley et al. 
(1971). The rocks consist of greenschist to lower amphi-
bolite facies greenstones and intermediate to granitic 
plutons. The greenstone belts contain primarily mafic 
metavolcanics. Other lithologies in the subprovince 
include felsic volcanics, pelites (on the east side of Lake 
St. Joseph), graywackes, minor amounts of ultramafic 
plutons and rare banded iron formation (Sage & Breaks 1982, 
pp. 7-13, 144-149) . 
The original eruption of the volcanics has been dated 
between 2740 and 2960 million years (Krogh & Davis 1971; 
Thurston & Breaks 1978, p. 50). Radiometric dates are not 
available for other Uchi Subprovince lithologies and 
geologic events. Other work done in this subprovince is 
discussed in Sage and Breaks (1982) and also in the second 
chapter of this report. 
The English River Subprovince 
The English River and Uchi Subprovinces are separated 
by the Sydney Lake fault system and the Lake St. Joseph-
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
12 
Pashkokogan Lake faults (Fig. 3). The fault traces are 
often mylonitic and 1-2 km wide (Breaks et al. 1978a, p . 
33). 
The English River Subprovince is commonly divided into 
two domains. The North Domain contains mostly high grade 
paragneisses and migmatites, while the South Domain 
contains plutonic rocks (Breaks et al. 1978a, p. 4) . 
The North Domain 
The North Domain extends 375 km from Manitoba to north-
east of Lake Nipigon and is 2 to 60 km wide (Fig. 3). Most 
of the domain consists of migmatized paragneisses with 
minor amounts of intermediate to felsic volcanics. The 
layering (relict bedding?) in the paragneisses has an 
east-west strike and a nearly vertical dip. Granitoid 
plutons were locally injected into the paragneisses. 
According to Breaks et al. (1978a), the Buffy Lake Batholith 
is the largest pluton in the North Domain (700 km2); it is 
located northeast of Ear Falls (Fig. 3). 
The paragneisses were metamorphosed to upper amphi-
bolite facies, and some of the granitoids are now granulites. 
Uranium-lead dates from zircons indicate that the migmatiza-
tion and metamorphism of the paragneisses occurred about 
2681 ± 20 million years ago (Krogh et al. 1976, p. 1215). 
Other radiometric dates are discussed in Chapters Three and 
Six of this report . 
• 
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The South Domain 
The North and South Domains are separated by an amphi-
bolite-rich metavolcanic sequence. This sequence is 6 to 
13 km wide and can be traced discontinuously from Separation 
Lake near the Manitoba border to the east side of Lac Seul, 
which is 176 km away (Breaks et al. 1978a, p. 31) (Fig. 3). 
Most of the surface area of the South Domain is 
covered by granitoid plutons. The domain extends from 
Whitewater Lake westward 410 km and into Manitoba (Fig. 3), 
where the domain is called the Winnipeg River Plutonic 
Complex. The domain's width varies from 26 to 70 km. 
Three types of plutons are present: gneissic granitoids, 
sodic plutons and potassic plutons (Breaks et al. 1978a, 
p. 24). Most of the South Domain lithologies do not con-
tain key metamorphic minerals which can be used to estimate 
metamorphic temperatures and pressures (Harris 1976, p . 
92). 
Gneissic Granitoids 
The gneissic granitoids are the oldest plutons in the 
South Domain (Breaks et al. 1978a, pp. 25-28, 31). They 
occupy roughly 20 percent of the domain and are mostly in 
the extreme western portion of Ontario. The plutons are a 
mixture of granitic lighologies with complex structures, 
that indicate several metamorphic and tectonic events 
(Breaks et al. 1978a, p. 25). The cross-cutting relation-
ships suggest that the gneissic granitoids are probably 
• 
• 
• 
• 
• 
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• 
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• 
• 
• 
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older than the oldest dated rock in the South Domain, which 
is a 3008 ± 32 million year old member of the Sodic Plutons 
(Breaks et al. 1978a, pp. 25-28, 31). 
The Sodic Plutons 
The sodic plutons represent roughly 40 percent of the 
South Domain and intrude into the gneissic granitoids. 
Most of the plutons have intermediate compositions and 
contain plagioclase, quartz, biotite and minor amounts of 
hornblende and microcline. Some of the sodic plutons are 
very large, often having surface exposures greater than 
1500 km2 (Breaks et al. 1978a, p. 29). A trondhjemitic 
orthogneiss from this pluton group has been dated at 3008 
million years and could be as old as 3040 million years . 
The sodic plutons probably were emplaced pre- and syntec-
tonic with the Kenoran Orogeny of 2600-2650 million years 
ago (Breaks et al. 1978a, pp. 6, 24, 31) . 
The Potassic Plutons 
The emplacement of the potassic plutons and the mig-
matization of the North Domain occurred during the Kenoran 
Orogeny (Breaks et al. 1978a, pp. 3, 31). The potassic 
plutons and 2560 ± 40 million year old pegmatites are the 
youngest igneous rocks in the South Domain. The composition 
of the potassic suite is intermediate to granitic. Most of 
the plutons are massive and some form sills and dikes. The 
potassic plutons commonly contain plagioclase, quartz, K-
• 
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feldspar, and biotite, but hornblende is usually absent 
(Breaks et al. 1978a, pp. 6, 31) . 
The Wabigoon Subprovince 
Only the northern portion of the Wabigoon Subprovince 
was considered in this study. Samples were collected along 
a 3-4 km traverse north of Vermilion Bay on the Red Lake 
road and along a 30 km traverse between Fitchie Lake and 
the town of Savant Lake (Fig. 3). In general, the samples 
belong to the greenschist and lower amphibolite facies. 
Granulites near Lac Seul and other areas were not included 
in this study (Skinner 1969, p. 6). Metapelites and mafic 
metavolcanics are the dominant lithologies near Savant Lake 
(Bond 1979). At Vermilion Bay, metagraywackes and amphi-
bolites are common (Westerman 1978, p. 208). Further 
details on this subprovince are discussed in Chapters Two 
and Four . 
Objectives of the Study 
This thesis is a general study of Archean metamorphic 
conditions in northwestern Ontario and southeastern 
Manitoba, and has the following goals and possible appli-
cations . 
1. To determine what metamorphic assemblages and 
reactions were involved in the formation of meta-
basites, metapelites, metagraywackes, 
orthogneisses, and paragneisses. This information 
is important in estimating maximum and minimum 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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metamorphic pressures and temperatures. The 
pressure and temperature data may reveal informa-
tion on Archean tectonic environments and 
geothermal gradients . 
2. To compare the precision of various metamorphic 
geothermobarometers, especially, the biotite-
garnet geothermometer and the cordierite-garnet 
geobarometer (Appendix A). 
3. To l"ocate and explain any abrupt changes in meta-
morphic grade in the four areas. Special emphasis 
will be placed on grade differences between 
greenstone terranes and plutonic-sedimentary 
terranes. Large increases in the metamorphic 
grade over short distances may be the result of 
faulting, selective retrograde metamorphism or 
contact metamorphism . 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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CHAPTER 2 
THE METAMORPHIC GEOLOGY OF THE SAVANT 
LAKE-CENTRAL PATRICIA REGION 
Introduction 
Archean metamorphism was studied along a north-south 
traverse that followed Highway 599 between Savant Lake and 
Central Patricia (Fig. 3-9). The traverse crosses three 
subprovinces: the Uchi, English River, and Wabigoon. The 
outcrops along Highway 599 consist of metavolcanics, meta-
graywackes and pelites intermingled with metamorphosed and 
unmetamorphosed granitoid plutons. 
Previous Work 
The Pickle Lake-Central Patricia Area (at the northern 
part of the Savant Lake-Central Patricia traverse) (Fig. 5) 
was studied by Hurst (1930), Thomson (1939), Evans (1941), 
Pye (1952), Ferguson (1966) and Sage and Breaks (1982). 
The workers mapped the Pickle Crow Syncline, the Central 
Patricia Anticline, and other structures north of Central 
Patricia, Ontario (Fig. 5). According to Sage and Breaks 
(1982, p. 107), the Central portion of the Pickle Crow 
greenstone belt consists of greenschist facies rocks; 
amphibolite facies metabasites are located along the 
17 
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Fig. 4. Metamorphic and general location map of the 
northern portion of Highway 599 (Central Patricia) study 
area. Twenty-seven samples from this area were thin-
sectioned and studied in detail (Appendix B). Modified 
after Sage et al. 1975. 
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Key metamorphic minerals reported by Goodwin (1965), 
Sage and Breaks (1982) and other workers: 
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s - sillimanite 
st - staurolite 
-~E~:!~- - approximate isograds. 
_garn-in_ -
Ll-20 - sample locations from this study 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• Uchi 
• 
• 
• 
• 
' \ 
• 
• 
19 
L3 
LS 
Central 
Patricia 
Subprovince 
.._e iN ;:-0 ~ ~ 
.,8- 0 5 10 
Km 
,·1. ,-,, 
' 
20 
Fig. 5. Generalized geologic map of the northern 
portion of the Highway 599 (Central Patricia) study area. 
Modified after Sage et al. 1975. 
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Fig. 6. General location and metamorphic geology map 
of the Highway 599 area between Central Patricia and Savant 
Lake, Ontario. Sample groups F and Lare shown on the map. 
Thin sections were made of 13 samples from this area 
(Appendix B). Modified after Breaks et al. 1980. 
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Fig. 7. Generalized geologic map of the Highway 599 
area between Central Patricia and Savant Lake, Ontario. 
Modified after Breaks et al. 1980. 
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Fig. 8. A metamorphic and general location map of the 
southern portion of the Highway 599 (Savant Lake) study 
area. Thin sections were made of 30 samples from this area 
(Appendix B). Modified after Breaks et al. 1980. 
Legend 
Minerals reported in this area by other workers (Bond 
1979). 
a - andalusite 
g - garnet 
k - kyanite 
m - muscovite 
s - sillimanite 
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Fig. 9. Generalized geologic map of the southern por-
tion of the Highway 599 (Savant Lake) study area. Modified 
after Breaks et al. 1980. 
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margins of the belts and to the northeast of Central 
Patricia. The amphibolite facies rocks along the margin of 
the greenstones could have been produced from contact meta-
morphism with nearby granitoid plutons. 
Breaks et al. (1978a, p. 38), found evidence for five 
metamorphic events in the Uchi-English River Subprovinces 
to the south of Lake St. Joseph. The samples along Highway 
599 have textures from one dominant prograde event. If the 
rocks have undergone more than one metamorphic event, the 
textures of the previous events are undetectable . 
The Doghole Bay area was first mapped by E. L. Bruce 
in 1923 (Fig. 4). Emslie (1960) accomplished general recon-
naissance mapping. Two years later, Goodwin mapped the area 
in some detail and published the results in 1965. Goodwin's 
observations are consistent with further research by Sage 
and Breaks (1982) and also with observations made in this 
study. 
Sage and Breaks (1982, p. 134) described the geology 
of the Doghole Bay area in detail. They found foliated to 
massive metavolcanics. Pillowed mafic volcanics were rare. 
The authors also described pyroclastics in the Soules Bay 
area (Fig. 4). Mafic metavolcanics with minor banded iron 
formation, felsic metavolcanics, metagraywackes and mafic 
tuffs are present in the vicinity of Osnaburgh House (Fig. 
4). Goodwin (1965) described most of the supracrustal 
rocks in the Doghole Bay area. According to his research, 
the rocks were metamorphosed to medium amphibolite facies . 
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Similar results were found in this study, although locally 
greenschists occur . 
Most of the structural geology for the Doghole Bay 
vicinity was determined by Goodwin (1965). He reported a 
southwest-trending anticline near Soules Bay. Thus far, no 
major faults have been discovered around Doghole Bay. 
The southern portion of the Savant Lake-Central 
Patricia traverse is in the English River and Wabigoon sub-
provinces (Fig. 6-9). The area was first mapped by Moore 
in 1929. Later, Rittenhouse (1936) remapped the area. The 
southern area consists of metavolcanics, metagraywackes, 
metapelites, and numerous granitoid plutons. The mafic 
metavolcanics in the southern area are massive to pillowed 
basalt and andesite (Skinner 1969). Felsic metavolcanics 
are most common in the Wabigoon subprovince and are usually 
pristine (Breaks et al. 1978a). Pelitic and graywacke meta-
sediments crop out near the junction of 599 and the Airport 
Road to Sioux Lookout. The metasediments often contain 
garnet, andalusite, kyanite and/or sillimanite (Fig. 8) . 
Archean Metamorphism at 
Central Patricia 
Central Patricia is located in the extreme northern 
portion of the study area (Fig. 5). Pillowed mafic meta-
volcanics are common in this area. The felsic metavolcanics 
and mafic intrusives near Pickle Crow, that were described 
by Sage and Breaks (1982, pp. 108-112), are absent south of 
Central Patricia . 
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The Central Patricia metavolcanics are greenschists 
with numerous secondary calcsilicate veins. In thin section, 
the cross-cutting relationships of the veins indicate that 
at least two generations are present. Besides containing 
Galcite and quartz, the veins commonly contain epidote and 
clinozoisite. The origin of the veins is uncertain, but 
they could have been derived from nearby calcic sediments 
and/or granitoid plutons. 
The matrix of the Central Patricia metavolcanics con-
sists of typical greenschist minerals; i.e., actinolite, 
epidote/clinozoisite, chlorite, albite, and opaques. Since 
the matrix is very fine-grained, undetected zeolites or 
other subgreenschist minerals may be present. However, the 
abundance of actinolite and epidote/clinozoisite and the 
absence of retrograde textures probably rules out the 
presence of subgreenschist minerals through the following 
reactions (Winkler 1979, pp. 190-191; PH2o ~ Ptotal): 
1) Pumpellyite + Chlorite +Quartz= 
Clinozoisite + Actinolite 
2) Lawsonite + Chlorite = Zoisite/Clinozoisite + 
Al-rich Chlorite +Quartz+ H2o 
3) Lawsonite +Calcite= 
Zoisite/Clinozoisite +CO2+ H20 
Reactions 1-3 require hydrous and low fC0 2 conditions. 
Without water acting as a catalyst, the reactions would be 
too slow to occur, even over millions of years (Winkler 
1979, pp. 15, 70-71, 168, 190, 195). High fco2 values 
• 
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would cause lawsonite to decompose (Winkler 1979, pp. 195, 
200-201) . 
Reactions 1-3 are used as temperature minima for the 
metamorphism of the metavolcanics (Fig. 10). In addition, 
the absence of hornblende and garnet in the vicinity of 
Central Patricia and the overwhelming abundance of chlorite 
limits the upper metamorphic temperatures to around 475°C 
by the following reactions (Spear 1981, p. 724; Harte & 
Graham 1975, p. 366; Winkler 1979, p. 244) : 
4) Actinolite + Chlorite + Epidote + Albite = 
Hornblende + Plagioclase 
5) Chlorite + Epidote + Calcite + Quartz == 
Hornblende + CO 2 + H20 
6) Actinolite + Clinozoisite + Chlorite + Quartz = 
Hornblende 
Reactions 4-6 occur between 475°C and 575°C depending on 
pressure and the fugacity of fluids (Liou et al. 1974, 
pp. 617-620; Harte & Graham 1975, p. 366; Spear 1981, p. 
7 2 4 ) (Fig . 10 ) . 
Metamorphic pressures are difficult to estimate for 
metabasites. No blueschists or eclogites have been found 
anywhere in northwestern Ontario, indicating that pressures 
probably did not exceed 7-13 kilobars (Winkler 1979, pp. 
190, 278). Thurston and Breaks (1978, p. 56) estimated 
pressures of 3-4.5 kilobars for medium-grade pelites south 
of Lake St. Joseph (Fig. 4). Abundant andalusite around the 
eastern shores of Lake St. Joseph indicates pressures 
34 
Fig. 10. Metamorphic pressures and temperatures for 
the Central Patricia greenstones. 
Reactions 
1) Pumpellyite + Chlorite +Quartz= 
Clinozoisite + Actinolite 
(Winkler 1979, p. 190) 
2) Lawsonite + Chlorite = Zoisite/Clinozoisite + 
Al-rich Chlorite +Quartz+ H2o 
(Winkler 1979, p. 191) 
3) Lawsonite +Calcite= 
Zoisite/Clinozoisite + co2 + H2o 
(Winkler 1979, p. 191) 
4) Actinolite + Chlorite + Epidote + Albite = 
Hornblende+ Plagioclase (Horn+ An17-in) 
5) Chlorite + Epidote +Calcite+ Quartz= 
Hornblende+ co 2 + H2o (Horn-in) 
6) Actinolite + Clinozoisite + Chlorite +Quartz= 
Hornblende (Chlorite-out) 
(Liou et al. 1974, pp. 617-620; Harte & 
Graham 1975, p. 366; Spear 1981, p. 724) 
Approximate Glaucophane-in: Winkler 1979, p. 241 
Lawsonite-in: Winkler 1979, p. 241 
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between 2 and 3.8 kilobars from Holdaway's Al 2sio5 stability 
diagram (Holdaway 1971). Laird and Albee (1981) used 
amphiboles to distinguish low, medium, and' high pressure 
metamorphism. Figure 11 is a Laird-Albee (1981) graph of 
Na/Na+ Ca x 100 versus Al/Al+ Six 100 for amphiboles 
from the metabasites. The Central Patricia samples were 
too fine-grained to be included in this graph, but all of 
the nearby samples to the south indicate low-pressure 
Abukuma or medium-pressure Dalradian conditions (approx: 
3.5-6 kb) (Laird & Albee 1981, p. 141; Miyashiro 1973, pp . 
72, 74). 
In sunnnary, the metabasites south of Central Patricia 
to the Ochig Lake Pluton appear to be members of the green-
schist facies (Fig. 4 and 5). Sage and Breaks (1982) have 
reported upper amphibolite facies rocks northeast of Central 
Patricia. The Central Patricia greenschists were probably 
metamorphosed at 325-475°C at pressures below 6 kilobars. 
The Formation of Greenschist Mineralogy 
from Mafic Volcanics 
Smulikowski (1974) made several observations on the 
formation of greenschist minerals in mafic volcanics. A 
typical andesite or basalt contains calcic plagioclase 
(An40-10) and clinopyroxene (usually augite) with varying 
amounts of hypersthene and olivine (Winkler 1979, pp. 169-
170). Smulikowski (1974) has shown that actinolite can 
develop from volcanic pyroxene and that volcanic calcic 
plagioclase breaks down into albite and epidote. In 
37 
Fig. 11. A Laird and Albee (1981) Na/Na+ Ca x 100 
versus Al/Al+ Six 100 graph for amphiboles from various 
metabasites along Highway 599 between Savant Lake and 
Central Patricia, Ontario. The graph indicates approximate 
metamorphic pressures of 3.5-6 kb (Abukuma or Dalradian 
conditions). Figures 4-7 show the sample locations. 
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*The Na/Na+ Ca and Al/Al+ Si values are averages of 
microprobe measurements taken on 2-9 amphiboles from each 
sample (Appendix B). The standard deviations of the 2-9 
measurements are listed. The analytical techniques section 
of Appendix A discusses the scanning electron microscope 
and microprobe operating conditions. 
For each measured amphibole, the microprobe computer 
determines the total number of x-ray counts above back-
ground radiation for each element and assigns an absolute 
error. The Bence and Albee (1968) program converts the 
x-ray counts to weight percent. For example, sodium counts 
varied from none (Sample Ll2B, amphibole #2) to 13 ± 4 
(Sample Ll4Bl, amphibole #2). The high absolute errors in 
the number of sodium counts are responsible for the maximum 
36% error in the Na/Na+ Ca values. However, this error 
does not effect the rough pressure estimations (3.5-6 kb) 
derived from the graph. 
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addition, Williams et al. (1954, p. 224) describe the 
following reaction: 
7) Volcanic Augite+ Volcanic Enstatite + H20 = 
Actinolite + Chlorite 
Therefore, the greenschist minerals in the Central 
Patricia metavolcanics could have formed in at least two 
ways. First, a low increase in temperature could have 
formed subgreenschist minerals and then later greenschist 
minerals by reactions 1-3. Alternatively, a rapid increase 
in metamorphic temperature could have directly converted 
volcanic minerals into greenschist minerals without invoking 
reactions 1-3. If the second hypothesis is true, reactions 
1-3 are still valid for indicating minimum temperatures and 
the absence of retrograde metamorphism . 
Metasediments and Metavolcanics between the 
Ochig Lake Pluton and Lake St. Joseph 
The metabasites south of the Ochig Lake Pluton are mas-
sive to foliated andesite and basalt flows (Sage et al. 
1975) (Fig. 5). Most of the metabasites are greenschists. 
Near Doghole Lake, the metamorphic grade approaches the 
lower amphibolite facies (Fig. 4). The metabasites are 
coarser-grained than the Central Patricia samples and have 
well-developed actinolite or blue-green hornblende . 
Chlorite is absent in the rocks, yet the plagiocalse remains 
sodic (An20 or less). The metabasites near Doghole Lake 
were probably metamorphosed around 500°C ± 20°C, which is 
• 
• 
• 
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near the greenschist-amphibolite facies boundary (Winkler 
1979, pp. 65, 243) . 
Metagraywackes are rare at Doghole Lake. One outcrop 
(Fl9), north of the lake, contains quartz, plagioclase, 
biotite and garnet (Fig. 4). The Mg/Fe content of the 
garnet and biotite can be used as a metamorphic thermometer 
(Appendix A). The results of biotite-garnet geothermometry, 
based upon samples from this outcrop, are shown in Table 2 . 
The average temperature is between 580-590°C and is somewhat 
higher than the 500°C estimate from nearby metabasites. 
There are several possible explanations for the temperature 
differences. Analytical errors or errors in the Ferry-Spear 
(1978) and Thompson (1976) temperature calibrations could be 
the problem. Secondly, the pressures and temperatures for 
the chlorite-out and Horn+ An17 - in "reactions," that were 
TABLE 2 
BIOTITE-GARNET GEOTHERMOMETRY OF A METAGRAYWACKE (SAMPLE Fl9) 
Total Ave. Temp. 
Temp.--Using garnet 
cores 
Temp.--Using garnet 
rims 
Low Temp. 
High Temp. 
Ferry & Spear 1978* 
(Temp. Calculated) 
Errors± 130°C 
586°C 
586°C 
s6s 0 c 
so4°c 
631°c 
Thompson 1976'~ 
(Temp. read 
off of graph) 
Errors± 90°C 
580°C 
579°c 
s10°c 
510°C 
600°C 
*For explanation of the geothermometers: See Appendix 
A. The chemical data for the garnets and biotites are 
listed in Appendix B . 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
41 
used to estimate metabasite grade, may be poorly estimated. 
Finally, there may have been local variations in metamorphic 
temperatures due to contact metamorphism. 
Figure 12 shows the pressure and temperature ranges for 
both the metabasites and the metagraywackes near Doghole 
Lake. Pressures were probably less than 6 kb, as stated 
above and in Figure 11. Minimum pressures were 4 kb, 
because low manganese garnet becomes stable above this 
pressure and 500°C (Winkler 1979, p. 221). 
In summary, the metamorphic temperatures have risen 
50-150°C from the southern boundary of the Ochig Lake 
Pluton to Doghole Lake (compare Fig. 10 and 12). This 
increase is believed to be due to changes in regional 
metamorphism with the possible involvement of contact 
metamorphic effects from nearby plutons. 
Archean Metamor1hism at East St. Joseph Lake: Dogho eBay to Soules Bay 
Metabasites 
Amphibolites are common in the margins and narrower 
portions of the greenstone belts (Sage & Breaks 1982, p . 
107). The amphibolites may have been produced by contact 
metamorphism. In this study, the metamorphism along Highway 
599 peaked at medium amphibolite facies conditions near site 
LlO and dropped off to the greenschist facies to the north 
and south of this position (Fig. 4-9). Some of the amphi-
bolites were retrograded to greenschist facies conditions. 
The grain size for the metabasites varies greatly in 
42 
Fig. 12. Metamorphic pressures and temperatures for 
metabasites and metagraywackes near Doghole Lake, Ontario. 
Legend 
!xl Metabasites (L8, L9) 
/-;-J Biot-Garn Metagraywacke (Fl9) 
Reactions 
4 Actinolite + Chlorite + Epidote + Actinolite = 
Hornblende+ Plagioclase (Horn+ An17 -in) 
5 Chlorite + Epidote +Calcite+ Quartz= 
Hornblende+ CO 2 + H20 (Horn-in) 
6 Actinolite + Clinozoisite + Chlorite +Quartz= Hornblende 
(Chl-out) 
(Liou et al. 1974, pp. 617-620; Harte & Graham 1975, 
p. 366; Spear 1981, p. 724) 
Epidote-out: Abbott 1982, p. 872. 
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the area, even within an outcrop. The grain-size variation 
does not seem to have been discussed before in the litera-
ture. Two hypotheses may explain the local grain-size 
variation. First, the coarse-grained metabasites may result 
from coarse primary igneous grains. In other words, the 
coarse-grained metabasites could represent metapyroxenites, 
metagabbros or other mafic intrusives, while the finer-
grained rocks are metamorphosed extrusives. However, no 
relict olivine or igneous pyroxenes have been found in the 
coarse-grained rocks to support an intrusive origin. 
Hand sample textures and outcrop structures seem to 
support a second hypothesis. Originally, marine carbonates 
were locally deposited between the deposition of elastics 
derived from mafic volcanics. Minor amounts of graywacke, 
quartz sands, banded-iron, pyroclastics, and felsic vol-
canics were also deposited. Later, the quartz sands, mafic 
volcanics, carbonates, and other sediments were buried, 
lithified and metamorphosed. During metamorphism, the 
carbonate layers probably released CO2 which acted as a 
flux for the growth of nearby amphiboles and produced 
coarse-grained metabasites with carbonate-rich veins. In 
hand sample L11D (Fig. 13), the amphiboles in the calcite 
layers are coarse, but away from the layers, which were a 
CO2 source during metamorphism, the amphiboles are finer-
grained. Therefore, the mafic volcanics that were sur-
rounded by carbonates probably became coarse-grained, while 
those with little or no neighboring carbonates remained 
45 
Fig. 13. Metabasite LllD: The metabasite contains at 
least four subparallel primary(?) calcite layers. 
The CO 2 from calcite recrystallization may have acted 
as a flux for the growth of amphiboles. Notice that 
amphiboles away from the calcite veins are finer-grained. 
Sample locations are shown in Figure 4. 
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relatively fine-grained. This observation is supported by 
the common occurrence of calcite in the coarse-grained 
rocks (Fig. 13). 
Evidence for the second hypothesis can be seen in out-
crop Lll (Fig. 4), which has numerous layered sandstones, 
carbonates, and metabasites. The lateral continuity, 
uniform thickness, and subparallel orientation of the layers 
indicates a sedimentary origin for the carbonates rather 
than an origin from igneous intrusions. Hand sample LllD, 
from this outcrop, is a metabasite with at least four sub-
parallel calcite layers that may be relict sedimentary 
beds. 
Besides COz, other components were mobile during meta-
morphism. Water, silica and sulfide solutions, perhaps from 
nearby granitoid plutons, intruded and retrograded some of 
the coarse-grained amphibolites, while the finer-grained 
and impermeable rocks were unaffected. Evidence for this 
hypothesis can be seen in hand samples Ll3 and Ll4Bl (Fig. 
14). Hand sample L13 is a partly retrograded fine-grained 
amphibolite with quartz-sulfide veins. Retrograded zones 
surround the quartz-sulfide veins and reach a maximum 
thickness of one centimeter. Hand sample Ll4Bl is a coarse-
grained amphibolite with abundant sulfides and retrograded 
amphiboles. 
Some of the samples collected along the eastern side 
of Lake St. Joseph reveal significant information about 
metamorphism. Site LlO is located between Doghole Lake and 
48 
Fig. 14. Metabasites with secondary quartz veins and 
sulfides. 
Top: Sample Ll3. The sample has been partly 
retrograded by water, silica and sulfide 
solutions. The retrograde zones reach a 
maximum thickness of about one centimeter 
around the quartz-sulfide veins. 
Bottom: Sample Ll4Bl--a retrograded amphibolite 
with pyrite. 
Sample locations are shown in Figure 4. 
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Doghole Bay (Fig. 4). Two samples were collected at this 
location. Sample LlOB is a fine-grained metabasite that is 
similar in appearance to L8 and L9. Some of the metabasites 
neighboring LlOB are garnetiferous. Others, like LlOA, are 
coarse-grained metabasites with calcite layers (Fig. 15). 
The metabasite portion contains hornblende, biotite, 
epidote/clinozoisite?, K-feldspar, quartz, and sphene . 
Primary chlorite and plagioclase are rare or absent. Figure 
16 shows possible pressures and temperatures for the meta-
basite portion of the rock. The presence of hornblende and 
the absence of chlorite suggest a minimum metamorphic temp-
erature of 500°C. A maximum metamorphic temperature is more 
difficult to estimate. The presence of epidote may indicate 
a maximum temperature of 750°C at PHzO = Ptot = 5 kb (Abbott 
1982, p. 872), but the stability of this mineral is very 
dependent on f02. The textures and mafic mineralogy of 
LlOA suggest that metamorphic temperatures were not high 
enough for partial melting to occur. 
The carbonate portion of sample LlOA consists of 
quartz, calcite, hornblende, diopside-hedenbergite, epidote/ 
clinozoisite?/zoisite? and grossular-almandine. Several 
COz-dependent reactions probably produced the carbonate 
mineralogy (Fig. 17). The reactions in Figure 17 are iron-
free and must be adjusted to represent the iron-bearing 
minerals in LlOA. The arrows in Figure 17 indicate the 
effects of iron on the location of the reactions. Thompson 
(1975, p. 118) believes that the presence of FeO will change 
51 
Fig. 15. Metabasites from outcrops near Osnaburgh 
House, Ontario (Highway 599). 
Top: Sample LlOA--a metabasite-marble. 
Bottom: Sample L18--an epidote metabasite. 
Sample locations are shown in Figure 4. 
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Fig. 16. Metamorphic pressure-temperature conditions 
for the metabasite portion of Sample LlOA. 
Reactions 
4 Winkler 1979, p. 243. 
5 Winkler 1979, p. 243. 
6 Liou et al. 1974, pp. 617-620. 
Epidote-out--Abbott 1982, p. 872. 
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Fig. 17. XHzO - CO2 - Temperature graphs of the meta-
carbonate portion of sample LlOA. 
a) Ptot 1 = 4 kb (LeAnderson 1981, p. 624; Nesbitt 
1979, p. 6~; glaughter et al. 1975). 
b) Ptotal = 6 kb (Nesbitt 1979, p. 59; Slaughter et al. 
1975). 
Arrows show the effects of FeO substitution for MgO on 
reaction 8 (Thompson 1975, p. 115). 
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the temperature results by only 10-20°C. The analyzed 
pyroxenes of LlOA have no aluminum and are only found in 
calcite veins. Therefore, the diopside-hedenbergite is 
probably metamorphic since most igneous clinopyroxenes are 
aluminous and would form before the metamorphic recrystal-
lization of calcite. The presence of diopside-hedenbergite 
in sample LlOA is probably due to: 
8) Tremolite-Actinolite + 3 Calcite+ 2 Quartz= 
5 Diopside-Hedenbergite + 3 cd2 + H2o 
Plagioclase is absent from sample LlOA, but K-feldspar 
and quartz are present in significant amounts. The absence 
of plagioclase and the presence of epidote minerals may be 
due to (Winkler 1979, p. 150): 
9) Calcite+ 3 Anorthite + H20 = 2 Zoisite + co2 
If so, Xco2 was then 0.1 during metamorphism at Ptotal ~ 6 
kb (Fig. 17; LeAnderson 1981, p. 624; Nesbitt 1979, p. 68; 
Slaughter et al. 1975). 
Figure 18 shows the amount of silicon per 24 oxygens 
in amphiboles from various outcrops along Highway 599. The 
amount of silicon decreases in amphiboles with increasing 
metamorphic grade through the conversion of actinolite to 
hornblende. Location LlO is close to where the metamorphic 
grade peaks. To the north and south, the metamorphic grade 
eventually drops down to greenschist facies. 
Sample LllA indicates similar metamorphic conditions 
to LlOA. However, unlike LlOA, some plagioclase coexists 
58 
Fig. 18. This graph shows changes in metamorphic grade 
between samples LB, F21, LlOA, LllC, Ll2B, Ll4Bl, and L21B 
along Highway 599 near the eastern side of Lake St. Joseph, 
Ontario (for sample locations: see Fig. 4). The amount of 
silicon per 24 oxygens in amphiboles (actinolite and horn-
blende) decreases with increasing metamorphic grade. The 
graph indicates that the metamorphic grade peaks near out-
crop LlO. Miyashiro (1973, p. 251) distinguishs actinolite 
and hornblende on the basis of 7.2 silicons per 24 oxygens. 
Appendix B lists the chemical compositions of the amphi-
boles. The bars show the silicon variations for the 
analyzed amphiboles from each sample. 
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with calcite and epidote group minerals. The plagioclase 
could have been metastable or else sample LllA was metamor-
phosed at higher Xc02 and/or different temperatures. Figure 
18 indicates that sample LllC, which is from the same out-
crop as LllA, was not metamorphosed as intensely as LlOA . 
In thin section, LllC appears to have retrograded from 
amphibolite facies to greenschist facies. Chlorite, 
epidote/zoisite, and actinolite are abundant. Sample LllE 
is also a hornblende-bearing rock that has been retrograded. 
However, unlike LllC, no chlorite is present in LllE. This 
variation in the presence of chlorite may be due to bulk 
compositional differences between LllC and LllE. 
From Lll southward to 122 near Riach Lake (Fig. 4-7), 
the metamorphic grade continues to drop from lower amphibo-
lite facies to greenschist facies (Fig. 18). Some samples 
contain well-developed amphiboles that have been cross-cut 
by chlorite and plagioclase, which indicates retrograte 
metamorphism. The An-content of the plagioclases increases 
towards the south. The presence of calcic plagioclase in 
low-grade rocks could be explained by relict igneous grains 
or unretrograded amphibolite facies plagioclases. 
Some of the coarser-grained rocks contain large amounts 
of garnet or epidote. For example, sample Ll4Bl contains 
abundant fans of actinolitic hornblende and garnet (Fig. 
14). While, 118 has similar amphiboles with abundant epi-
dote and very little garnet (Fig. 15). The variation may 
be due to bulk composition. Garnet forms in iron-rich rocks 
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and epidote forms in rocks rich in calcium, The variation 
may also be influenced by pressure. Winkler (1979, p. 221) 
suggests that garnet forms at pressures greater than 4 kb 
at temperatures higher than 500°C. Epidote, however, is 
stable at lower temperatures and pressures (Liou et al . 
1974). Finally, the variation may be due to f0 2 (Abbott 
1982, p. 872; Hyndman 1972, p. 280; Miyashiro 1973, pp. 248-
249; Liou et al. 1974, p. 629). Epidote would form in 
environments relatively rich in oxygen. 
In summary, the metabasites from eastern Lake St . 
Joseph northward to Central Patricia were formed at pres-
sures less than 6 kb and possibly greater than 3 kb (Fig. 
4). Metamorphic temperatures were between 350°C and 550°C, 
except at LlO where temperatures could have been as high as 
750°C. The metamorphic grade appears to increase from 
Central Patricia south and peaks near the south end of 
Doghole Lake near sample location LlO. Southward from 
Doghole Lake, the metamorphic grade drops down to green-
schist facies . 
Pelites 
Some pelites crop out in the east St. Joseph Lake area 
(Fig. 4 and 5). The rocks have been studied in detail by 
Sage and Breaks (1982) and Goodwin (1965). Their sample 
locations and mineral assemblages are shown in Figure 4. 
Only one pelitic outcrop was located in this study (F22, 
Fig. 4). The outcrop has andalusite-sillimanite-white mica 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
62 
schists and garnet-biotite metasediments. The samples were 
collected at a dam approximately 3 kilometers south of 
outcrop Ll6. Figure 19 shows the metamorphic pressures and 
temperatures for the schists, which formed between 500-600°C 
and 2-4 kb. No staurolite or chloritoid are present. The 
absence of these minerals is probably due to a lack of FeO 
and Al2o3 , respectively, in the bulk composition of the rock 
(Miyashiro 1973, pp. 205, 212, 222; Winkler 1979, pp. 77, 
224). 
Goodwin (1965, p. 11) and Sage and Breaks (1982, p. 
136) found staurolite and/or andalusite ± garnet at Soules 
Bay (Fig. 4). The assemblage is useful in determining meta-
morphic conditions (Fig. 19). The pressure-temperature 
estimations for Goodwin (1965) and Sage and Breaks (1982), 
could possibly be more restricted if the exact mineral 
parageneses were known. Roughly, the Soules Bay metasedi-
ments were metamorphosed at 2-3.6 kb at 520-580°C. This 
corresponds very well with pressure-temperature conditions 
for F22 which is about 15 km to the northeast (Fig. 4). The 
Soules Bay metasediments may have been metamorphosed at 
temperatures up to 100°C higher than nearby greenschist 
metabasites L21B and L22, if the assemblages perserved in 
the metabasites are primary (Fig. 4, 6). However, the meta-
basites may have been retrograded from amphibole facies 
conditions. Goodwin (1965) reported several biotite-
chlorite greenschists about 3/4 km south of Ace Lake (Fig. 
4). The schists are near some of the greenschistmetabasites . 
63 
Fig. 19. Metamorphic pressure and temperature condi-
tions for pelitic schists on the eastern side of Lake St. 
Joseph, Ontario. Figure 4 shows the location. The Al2Si05 
triple point of Holdaway (1971) is plotted. All other 
reactions are from Winkler 1979, pp. 243, 247. 
Legend 
X F22, this· study. 
Staurolite andalusite schists from Sage and Breaks (1982). 
and Goodwin (1965). 
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Metamorphism Between Riach 
Lake and Savant Lake 
South of Riach Lake, felsic metavolcanics are present 
(Fig. 6-9). The rocks are greenschists with foliated 
biotite and relict volcanic feldspars. Some of the igneous 
plagioclases are still zoned or have Carlsbad twinning. 
South of the felsic volcanics, is the Pashkokogan Lake-
Kenoji Lake cataclastic zone which separates the Uchi 
Subprovince from the English River Subprovince (Fig. 6, 7). 
Thurston and Breaks (1978, p. 52) determined that the meta-
morphic grade increased abruptly from low grade metabasites 
(Uchi Subprovince) to upper amphibolite migmatites (English 
River Subprovince) across the cataclastic zone southeast of 
Lake St. Joseph. Other workers have reported similar abrupt 
changes across major fault zones (Stone 1977). However, in 
this study, few abrupt changes in metamorphic grade were 
found in any of the four traverses made in Ontario and 
Manitoba. 
The English River Subprovince consists of large areas 
of metamorphosed trondhjemites and unmetamorphosed granites . 
The plutons crop out over a distance of 45 kilometers along 
Highway 599. Biotite, white mica, and blue-green amphiboles 
are common in the plutons. Harris (1976) found cordierite-
garnet gneisses 10-20 km west of Highway 599 (Fig. 7). No 
garnet, cordierite·, or other key metamorphic minerals are 
present either in the plutons or the surrounding migmatites 
near the highway. The absence of high grade minerals may 
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be due to migmatization by external injection of melt into 
relatively cool rocks rather than anatexis . 
The Wabigoon and English River Subprovince boundary is 
approximately located between fine-grained metabasites and 
metamorphosed intermediate intrusives southwest of Fitchie 
Lake (Fig. 6-9). The metabasites appear to belong to the 
greenschist facies and are located in the Wabigoon 
Subprovince. No thin sections were made of the metabasites, 
but they probably contain chlorite and amphiboles. 
To the south of the metabasites is the Tersha Lake 
Stock (Fig. 6-7). This stock is a foliated biotite ± amphi-
bole granodiorite. The foliation was probably produced by 
metamorphism of the pluton. The metamorphic event was low-
grade, since the biotite and amphiboles have not altered to 
hypersthene, cordierite, garnet or other medium to high-
grade metamorphic minerals. The metabasites surrounding the 
pluton are also low grade . 
Most of the samples between the Tersha Lake Stock and 
the Grebe Lake Stock are greenschists (Fig. 6-9). The meta-
basites contain actinolite, chlorite, epidote, and albite . 
The felsic metavolcanics are composed of white mica, 
chlorite, biotite, and occasionally garnet. Some of the 
felsic metavolcanics have relict zoned plagioclases. A few 
samples (Fll and Fl2B) contain well-developed actinolite or 
blue-green hornblende, which may be due to contact 
metamorphism or the influx of fluids. 
Figure 20 shows the pressures and temperatures for 
67 
Fig. 20. Metamorphic pressure and temperature condi-
ditions for volcanics between Tersha and Grebe Lakes along 
Highway 599, and in the southwestern Conant Township, 
Ontario. Figures 7-9 show the location. The Al2Si05 triple 
point of Holdaway (1971) is plotted. All other reactions 
are from Winkler 1979, pp. 243, 247. 
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samples between Tersha and Grebe Lakes. The metamorphic 
grade is greenschist with some samples reaching the 
greenschist-amphibolite facies boundary. 
Bond et al. (1978) mapped metavolcanics, metasediments, 
and intrusive rocks in the Conant Township (Fig. 8). Most 
of the rocks are greenschists with local amphibolite facies 
conditions (Fig. 20). Amphibole ± garnet metabasites crop 
out in the southwest quarter of the township (Bone et al . 
1978). Outcrop F3 contains spectacular crenulated garnet-
biotite schists. Minor amounts of garnet were also found in 
pyroclastics along the shore of Stanton Lake (sample FS; 
Fig. 8). 
Metamorphism at the Sioux Lookout Airport 
Road Junction with Highway 599 
Metabasites and pelites outcrop around the junction 
between the Airport Road and Highway 599 (Fig. 8-9). The 
pelitic rocks contain garnet, kyanite, fibrolite, andalusite 
and staurolite (Bond 1979; Fig. 8). The minerals indicate 
low to middle amphibolite facies metamorphism. 
The Lewis Lake Batholith may have been partially 
responsible for the metamorphism of the pelites (Fig. 8-9). 
The pluton has an outcrop diameter of 65 kilometers and, 
according to Winkler (1979, pp. 100-102), a pluton of this 
size could have a contact aureole of 10-15 kilometers. The 
aureole may have affected all of the samples in the junction 
area (Fig. 8-9). 
Samples Tl, SV32, SV30 and SVl are garnet-bearing meta-
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sediments with no Al 2Si05 (Fig. 8). The garnet in SVl is 
spessartine-almandine, which gives unreasonable biotite-
garnet geothermometry results. Calculated temperatures are 
greater than 600°C, but the abundance of white mica suggests 
that this temperature estimate is too high. Sample SV32, 
containing calcium-rich garnets, yields temperatures of 
greater than 580°C. The manganese and calcium components of 
the garnets are probably responsible for the spurious temp-
eratures. Miyashiro (1973, pp. 214-215) reported that 
spessartine can form at temperatures as low as 400°C (below 
amphibolite facies conditions). Figure 21 summarizes the 
metamorphic temperatures and pressures for the Airport Road-
Highway 599 junction area. 
e Andalusite is connnon throughout the junction area (Fig. 
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8). Sample SV31B has kyanite and andalusite, while SV21A 
has fibrolite and andalusite (Fig. 8). If the fibrolite and 
kyanite are a stable paragenesis, the eastern SV21A outcrop 
was metamorphosed at higher temperatures than SV31B (Fig. 8, 
21). If the kyanite and fibrolite are metastable, the 
connnon occurrence of staurolite, andalusite, and garnet 
indicates that pressure and temperatures conditions were 
close to Holdaway's Al2Si05 triple point (Holdaway 1971; 
Fig. 8; Fig. 21). 
Summar! of the Metamorphism 
A ong Highway 599 
The Uchi Subprovince was probably metamorphosed at 
pressures less than 6 kilobars and at temperatures between 
71 
Fig. 21. Metamorphic pressures and temperatures for 
pelites near the junction of the Airport Road from Sioux 
Lookout, Ontario and Highway 599. Figures 8-9 show the 
location. The Al2Si05 triple point of Holdaway (1971) is 
plotted. All other reactions are from Winkler 1979, pp. 
243, 247. 
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325-500°C, although site LlO could have been metamorphosed 
at temperatures as high as 750°C (Fig. 4-9). The metamor-
phic grade probably increases from Central Patricia southward 
to Doghole Lake. Just south of Doghole Lake metamorphic 
conditions peaked and decreased back to greenshist facies 
south of site LlO. Pelites in the eastern Lake St. Joseph 
area indicate metamorphic conditions were 2-4 kb and 500-
6000C. Near the English River-Uchi boundary, the meta-
morphic grade is greenschist or, perhaps, subgreenschist, 
since relict volcanic textures are well preserved. The 
English River Subprovince consists almost entirely of 
igneous rocks and orthogneisses. Metamorphic conditions can 
not be estimated, but the lack of high-grade metamorphic 
minerals and the presence of surrounding low-grade 
metabasites indicate greenschist metamorphism along the 
highway. The Wabigoon Subprovince contains greenschists 
with amphibolite facies rocks cropping out locally and to 
the south. Pelites near the Airport Road indicate metamor-
phic conditions of 3-4 kilobars and 425-500°C. The garnets 
in the rocks are too rich in manganese and calcium to be 
used for geothermometry . 
• 
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CHAPTER 3 
THE METAMORPHIC GEOLOGY ALONG 
THE VERMILION RIVER ROAD 
Introduction 
The second study area is located northeast of Sioux 
Lookout along the Vermilion River Logging road (Fig. 3, 22). 
This gravel road runs from the Sioux Lookout-Airport road 
northward past Under Creek or approximately 75 kilometers. 
The road passes through the North and South Domains of the 
English River Subprovince. 
The South Domain contains orthogneisses, unmetamor-
phosed granitoid plutons, and a few amphibole-rich mafic 
dikes and intrusives (Fig. 3, 22). Low grade metasediments 
and metavolcanics (greenstones) are absent from the North 
and South Domains. The plutonic lithologies are generally 
not helpful in determining metamorphic conditions (Harris 
1976, p. 92) because they are either unmetamorphosed or do 
not contain key metamorphic minerals such as garnet or 
cordierite. 
The North Domain begins about 12 kilometers north of 
the Vermilion River. This domain contains upper-amphibolite 
to granulite facies rocks. Anatectic paragneisses with 
local granitic dikes are abundant (Breaks et al. 1978a, p. 
74 
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Fig. 22. General geology and geographical features 
along the Vermilion River logging road, northeast of Sioux 
Lookout, Ontario. Thin sections were made of 19 samples 
from this area (Appendix B). Modified after Sage et al. 
1975. 
Legend 
Mineral Occurrences 
C = cordierite 
Cp = clinopyroxene 
g = garnet 
gc = garnet and cordierite 
h - hypersthene 
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13). Three types of paragneiss outcrop along the logging 
road, i.e., biotite gneiss, biotite-garnet gneiss and 
biotite-garnet-cordierite gneiss. The paragneisses do not 
contain Al2Si05 . The amount of leucosome varies from 
extremely abundant with only a few biotite inclusions or 
garnets to nearly absent (<1%). 
The North Domain has minor amounts of plutons and 
orthogneisses, which resemble rocks in the South Domain . 
Some of the orthogneisses have been metamorphosed to granu-
lite facies and contain quartz, plagioclase, biotite and 
hypersthene. 
Previous Work 
Very little research has been done along the Vermilion 
River road. Skinner (1969, p. 6) reported hypersthene 
granulites and migmatites near Lac Seul (Fig. 3). Harris 
and Goodwin (1976) and Krogh et al. (1976) published infor-
mation concerning the petrology, metamorphism, chemistry, 
and geochronology of the rocks north of Sioux Lookout. 
Actually, all of the previous work did not include the 
Vermilion River logging road, but many of the lithologies 
in other areas extend east to the logging road. Harris and 
Goodwin (1976) concluded that the North Domain's para-
gneisses were originally deposited on top of a 3040 ± 40 
million years old tonalite-trondhjemite basement. During 
the Kenoran Orogeny (2681 ± 20 million years ago), the 
intermediate plutons and North Domain sediments were 
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metamorphosed to gneisses. Shortly afterwards, granitoid 
plutons were injected into parts of the North Domain (Krogh 
et al. 1976). The latest pegmatites have been dated at 
2560 million years (Krogh et al. 1976). Since the Archean, 
erosion and uplift have exposed the high-grade rocks north-
east of Sioux Lookout. Lower grade rocks probably once 
covered the high-grade gneisses; since the Archean they have 
been eroded away. 
Harris (1976) studied some paragneisses in a 160 x 120 
kilometer area in the English River Subprovince. Five of 
his samples (biotite, biotite-garnet, and biotite-garnet-
cordierite gneisses) were collected near the Vermilion 
River logging road. Harris (1976) found that the biotite 
gneisses were richer in potassium than the other gneisses 
and that the cordierite gneisses were relatively rich in 
aluminum. He stated that garnet and cordierite could have 
formed through the partial anatectic melting of a biotite 
gneiss and the removal of potassium by a water-rich melt. 
The potassium-depleted restite would then be suitable for 
the development of garnet and cordierite. In general, his 
ideas are compatible with results obtained from this study. 
Metamorphism in the North Domain 
Most of the paragneisses are migmatized to a lesser 
or greater extent. Estimates on the metamorphic conditions 
for each type of paragneiss will be discussed individually . 
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Biotite Gneisses 
Cordierite, garnet, microcline, and Al 2Si05 are absent 
from the biotite gneisses, e.g., VR16. Quartz, plagioclase, 
biotite, and opaques are the major minerals present. 
Muscovite is rare. The probable presence of anatectic 
leucosome refutes low temperature origins. Garnet-biotite 
gneisses, commonly cropping out only a few meters away from 
the biotite gneisses, give biotite-garnet temperatures of 
568-754°C through the use of Ferry and Spears' method 
(Appendix A; Ferry & Spear 1978). Pressure estimates are 
impossible to obtain directly from the biotite gneisses 
since Al2Si05 and other key minerals are absent. Cordierite-
garnet gneisses, which are only a few kilometers away, 
indicate pressures between 3.8-6.5 kb . 
Biotite-Garnet Gneisses 
Most biotite garnet gneisses have been migmatized. The 
presence of garnet could be due to the reaction (Thompson 
1976, p. 438): 
10) Biotite +Muscovite+ Quartz= 
Garnet+ Microcline + H2o 
Muscovite or other white micas are present in the lower 
grade biotite gneisses, but biotite is more abundant. 
Therefore, the excess biotite would persist after all or 
most of the muscovite is used up in the above garnet-
producing reaction . The absence of Al 2Si05 in the rocks 
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probably rules out the production of garnet by reactions 
involving sillimanite . 
Only two biotite-garnet rocks have been studied in 
detail. One (VR17A) was clearly retrograded. The biotites 
are chloritized and Ferry and Spear's biotite-garnet geo-
thermometer yielded temperatures generally under 600°C 
(Table 3). In contrast, the unretrograded biotite-garnet 
gneiss (VR20A) gave temperatures over 600°C (Table 3) . 
Since most of the biotite-garnet gneisses were only a few 
kilometers from the cordierite gneisses, metamorphic pres-
sure conditions were probably similar for both lithologies, 
i.e., 3.8-6.5 kilobars. 
Biotite-Garnet-Cordierite 
Gneisses 
The cordierite gneisses can be divided into two groups 
with different parageneses. Winkler (1979, p. 28) describes 
a paragenesis as an assemblage of minerals coexisting in 
equilibrium. In thin section, minerals are considered in 
equilibrium if they are in contact with each other. In the 
first group, e.g., VR13A, two parageneses are present: 
Quartz+ Plagioclase + Biotite + Cordierite 
and 
Quartz+ Plagioclase + Biotite + Microcline + Garnet 
The second type of cordierite gneisses had a different bulk 
composition or was metamorphosed at a higher grade and 
cordierite became stable with microcline and garnet, e.g., 
• • 
Sample 
VR13A 
VR17Ar 
VR18B 
VR20A 
VR35 
• • • • • • • • 
TABLE 3 
GEOTHERMOBAROMETRY ALONG THE VERMILION RIVER LOGGING ROAD 
Biotite-Garnet Geothermometer °C 
(Ferry and Spear 1978; Appendix A) 
Garn. Core Garn. Rim 
Range Ave. Range Ave. 
702-752 723 620-662 635 
530-643 568 523-606 575 
671-708 693 568-721 662 
643-917* 643** 629-702 664 
724- 784'" 754* 672-797* 719 
Biotite-Cordierite Geobarometer-kb 
(Martignole and Sisi 1981; App. A) 
Mg/Mg+ Fe 
Garn. 
Core 
0.19-0.23 
0.18-0.25 
0.25-0.29 
Cord. 
Core 
0.66-0.69 
0.68-0.70 
0.71-0.73 
Ptt20 = O • 8 Ptotal 
Prange, kb 
6-7 
5.5-6 
6.5-7.5 
*Some of the measurements are unreasonable. 
**Ave. excludes unreasonable data. 
r Retrograded sample. 
• 
(X) 
I-' 
• 
• 
• 
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VR35 and VR40A (Breaks et al. 1978a, p. 43). The second 
type consists of one paragenesis: 
Quartz+ Plagioclase + Biotite + Cordierite + 
Garnet+ Microcline 
Several reactions are responsible for the formation of 
cordierite, microcline, and garnet in these gneisses. 
Cordierite and microcline can form from the following 
reactions (Thompson 1976; Hoffer 1976) (Fig. 23): 
. 11) Muscovite+ Chlorite +Quartz= 
Cordierite + Biotite + H2o 
or more likely: 
12) Biotite +Muscovite+ Quartz= 
Cordierite + Microcline + H2o 
The exact pressure-temperature conditions for reaction 12 
are unknown. Schreyer and Seifert (1969) obtained approxi-
mate results using pure magnesium end members: 
PHO= 5 kb; 610°C 
2 
PHO= 6 kb; 638°C 
2 
These pressure-temperature conditions are reasonable 
estimates for the formation of cordierite during metamorphism. 
The formation of garnet and microcline is possible through 
the reaction (Thompson 1976, pp. 436-442): 
13) Cordierite + Biotite +Quartz= 
Almandine + Microcline + H2o 
This reaction occurs at about 640°C at 5 kb according to 
Thompson (1976) (Fig. 23). In addition, reaction 13 may be 
related to the separation of cordierite and microcline-
83 
Fig. 23. Metamorphic pressure and temperature condi-
tions for granulites and biotite ±garnet± cordierite 
paragneisses along the Vermilion River logging road, 
Ontario. The location of the road is shown in Figure 3. 
Legend 
X Biotite Gneisses 
• Garnet-Biotite Gneisses 
+ Cordierite-Garnet-Biotite Gneisses 
0 Granulites 
Reactions 
1) Upper stability of anhydrous Mg-Cord: Newton et al. 
1974 
2) Upper stability of hydrous Mg-Cord+ K-feld: Seifert 
1976 
Al 2Si05 Triple Point: Holdaway 1971 
Muscovite+ Chlorite +Quartz= Cordierite + Biotite + Vapor 
(Schreyer & Seifert 1969) 
Muscovite+ Quartz= K-feldspar + Sillimanite + Vapor 
(Winkler 1979) 
Granite Minimum: Tuttle and Bowen 1958; Merrill et al. 
1970; Winkler 1979 
Cord+ Opx-in reactions: Grant 1973, p. 309; Westerman 
1978, p. 140 
Annite-out reaction: Eugster and Wones 1962 
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garnet in the type-one cordierite gneisses. The pressure 
and temperature constraints for the cordierite gneisses are 
shown in Figure 23. 
Orthopyroxene is absent in all of the cordierite 
gneisses. Therefore, reactions 14 and 15 were never 
reached: 
14} Quartz+ Plagioclase + Biotite +Garnet+ H20 = 
• Cordierite + Orthopyroxene + Melt (Hydrous condi-
• 
• 
• 
• 
• 
• 
I 
tions}; (Grant 1973, p. 309; Westerman 1978, p. 
140) 
15) Plagioclase + Biotite +Garnet= K-feldspar + 
Cordierite + Orthopyroxene + Melt (Anhydrous 
conditions); (Grant 1973, p. 309; Westerman 1978, 
p. 140) 
Reaction 15 provides a maximum temperature of 750°C for the 
metamorphism of the cordierite gneisses (Fig. 23). However, 
the presence of anatectites indicates that water was 
probably abundant, and maximum temperature conditions may 
have been closer to reaction 14. Minimum temperatures may 
be represented by the granite minimum melting curve since 
most of the samples were migmatized through anatexis (Breaks 
et al. 1978a, p. 13). The temperature estimates (650-750°C) 
correspond very well with geothermometry calculations in 
Table 3. 
Harris (1976, p. 94) obtained the following distribu-
tion coefficients for iron and magnesium in garnet and 
biotite: 
• 
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= Fe/Mg (Garnet) 
Fe/Mg (Biotite) = 3 · 8 - 5 · 6 
His data yielded very similar results (577-750°C) using Ferry 
and Spear's biotite-garnet geothermometer (Ferry & Spear 
1978; Appendix A) . 
Maximum pressure conditions during metamorphism can be 
estimated by using the maximum metamorphic temperature of 
750°C. Cordierite and microcline can not coexist above 6.5 
kilobars at 750°C under anhydrous conditions (Newton et al. 
1974). If hydrous conditions are assumed, the maximum 
pressure becomes 5.5 kilobars (Schreyer & Seifert 1969) . 
Minimum pressures are more difficult to estimate, but the 
presence of quartz and white mica becoming unstable in VR13A 
and the geothermometry results greater than 600°C give 
pressure estimates of at least 2 kilobars (Winkler 1979, 
p. 84) (Fig. 23). Cordierite-garnet geobarometry calcula-
tions gave similar results at 3.8-7.5 kilobars (Table 3) . 
By combining the various estimates, metamorphic pressures 
were probably at 3.8-6.5 kilobars. 
Very anhedral muscovite is present in sample VR13A . 
Apparently, the mineral was breaking down in the presence 
of quartz, but the reaction did not go to completion. In 
thin section, the reaction products are extremely small 
and optically unidentifiable. The breakdown of muscovite 
in the presence of quartz can be represented by several 
reactions depending on pressure, temperature, and fH 0 2 
• 
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(Winkler 1979, pp. 83-88). The most probable reaction is 
(Winkler 1979, p. 84): 
16) Muscovite+ Quartz= 
Sillimanite + Microcline + H20 at P = 
3.8 - 5.8 kb; 550-740°C 
Granulites 
Samples VR24, VR31B and VR66A are hypersthene ± 
clinopyroxene granulites that outcrop along the Vermilion 
River logging road (Fig. 3, 22). Samples VR24 and VR31B 
are probably orthogneisses. Sample VR31B contains quartz, 
plagioclase, biotite, hypersthene, and K-feldspar. The 
hypersthene probably developed from (Eugster & Wones 1962): 
17) Biotite +Quartz= Hypersthene + K-feldspar + H20 
The formation of hypersthene, instead of cordierite or 
garnet, is probably due to a lack of aluminum in the igneous 
biotites . 
Sample VR24 contains clinopyroxene (diopside-
hedenbergite?), biotite, quartz, hypersthene, plagioclase, 
microcline, and traces of hornblende. Reaction 17 may have 
occurred in the sample but the presence of hornblende and 
clinopyroxene suggests that hypersthene may have developed 
from the breakdown of amphibole . 
18) Hornblende+ Biotite +Quartz= 
Hypersthene + K-feldspar + Plagioclase + H20 
• (De Waard 1965) 
• 
• 88 
19) Hornblende+ Quartz= Hypersthene + Diopside-
• Hedenbergite + Plagioclase + H20 
• 
• 
• 
• 
• 
• 
• 
• 
• 
(Breaks et al. 1978a) 
Samples VR66A and VR65 are paragneisses from the same 
outcrop. Sample VR66A contins quartz, plagioclase, biotite, 
hornblende and hypersthene. Hypersthene is absent from 
VR65 and hornblende only occurs in trace amounts. The 
hypersthene in VR66A probably developed through reaction 
18. Since hornblende is not abundant in VR65, reaction 18 
did not occur and the metamorphic grade was too low for 
reaction 17 to take place. 
In summary, the granulites formed under the same 
metamorphic conditions as the nearby cordierite-garnet 
paragneisses (650-750°C; Turner 1981, p. 397). Reactions 
17-19 are too chemically complex to derive exact metamorphic 
temperatures and pressures. The mineralogy indicates that 
samples VR24 and VR31B were metamorphosed to a higher grade 
or at different PHzO conditions than VR66A, since biotite 
and quartz are stable in VR65 (which neighbors VR66A), but 
not in VR24 and VR31B. 
Summary of Metamorphic Pressures 
and Temperatures 
The four lithologies found along the Vermilion River 
logging road that are most useful in determining metamorphic 
conditions are: hypersthene ± clinopyroxene granulites, 
biotite, biotite-garnet and biotite-garnet-cordierite para-
gneisses. Garnet-cordierite geobarometry of some 
• 
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paragneisses yielded pressures of 3.8-6.5 kb (Table 3). In 
most cases, the other lithologies were only a few meters or 
kilometers away from the cordierite paragneisses; therefore, 
they were probably metamorphosed under similar pressures . 
Harris (1976) suggests that the depletion of potassium 
from the biotite gneisses through anatexis, not metamorphic 
temperatures, is the major cause for the development of 
garnet and/or cordierite paragneisses. Furthermore, 
cordierite would form, instead of garnet, in relatively 
aluminum-rich rocks. With a few exceptions, this study 
agrees with his conclusions. 
The metamorphic temperatures only increase slightly 
for the three types of paragneisses (Fig. 23). The biotite 
gneisses probably were stable up to the beginning of 
minimum granitic anatectic melting (610-650°C). The Ferry 
and Spear biotite-garnet geothermometer (1978) indicates 
that garnet developed just below and at minimum anatectic 
temperatures (610-670°C). The highest grade rocks are the 
granulites and biotite-garnet-cordierite paragneisses, 
which probably formed at 650-750°C. The temperature limits 
are based on minimum anatectic melting and the absence of 
co-existing cordierite and orthopyroxene through reactions 
14 and 15 (Grant 1973, p. 309; Westerman 1978, p. 140). 
• 
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CHAPTER 4 
THE METAMORPHIC GEOLOGY ALONG 
THE RED LAKE ROAD 
Introduction 
Highway 105 (Red Lake road) between Vermilion Bay and 
Ear Falls crosses 3-4 km of the extreme northern Wabigoon 
Subprovince and approximately 90 km of the English River 
Subprovince (Fig. 24-26). Mafic to intermediate metavol-
cancis and minor metagraywackes dominate the Wabigoon 
Subprovince. The English River Subprovince is divided into 
a southern plutonic domain and a northern paragneiss domain. 
In general, the metamorphic rocks along Highway 105 are 
upper amphibolite to granulite facies. 
Most of the samples were collected along the Red Lake 
road (sample groups RL and D; Appendix B, Fig. 24-26) . 
Some tonalitic granulites and other rocks were collected on 
side roads near Camp Robinson (Fig. 24-25; sample group C, 
Appendix B) and along the shores of Camping, Barnston, 
Wegg, and Goose Lakes (sample groups G and MF; Fig. 26, 
Appendix B) . 
Previous Work 
Several workers have studied the outcrops along the 
90 
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Fig. 24. Metamorphic geology and general location map 
of the southern portion of the Red Lake road (Highway 105) 
between Vermilion Bay and Perrault Falls, Ontario. Thin 
sections were made of 75 samples from this area (Appendix 
B). Modified after Ferguson et al. 1970 and Breaks et al. 
1978b. 
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Fig. 25. A general geologic map of the southern 
portion of the Red Lake road (Highway 105) between Vermilion 
Bay and Perrault Falls, Ontario. Modified after Ferguson 
et al. 1970 and Breaks et al. 1978b. 
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Fig. 26. A general geology and location map of the Red 
Lake road (Highway 105) between Perrault Falls and Ear Falls, 
Ontario. Modified after Ferguson et al. 1970 and Breaks 
et al. 1978b. 
Legend 
• Granitic plutons and Orthogneisses 
~ Mafic volcanics 
Migmatized Paragneisses 
• 
• 
• 
• 
• 
• 
I 
• 
• 
• • • • 
• • 
-- ... --
• c;:;, 
~NI- • 0 • 
• 
• 
• • 
• 
• 
• 
• • 
c:r· 
M igmatitic Para gneiss 
, 
/. 
• 
Km 
.,,,,,. 
"" ,. 
• 
• 
• 
• 
• 
• 
10 
• 
- -
-
• 
• 
-, 
.,,.,,,,. 
, 
----
'-.... ( 
• 
• 
• 
• 
• 
Domain 
~r-1 South • • • 
• 
• 
• 
• • 
RL331 "1 
RL341,343 ~ 
f./ 
North 
• 
'° 0-, 
• 
• 
• 
• 
• 
• 
• 
• 
•• 
• 
• 
• 
97 
Red Lake road. Westerman (1978) examined rocks at Cedar 
Lake and Perrault Falls (Fig. 24-26). Most of his work con-
centrated on structural geology with minor emphasis on 
metamorphic events. He concluded that at least one and 
probably three metamorphic events affected all of the rock 
units in the area except for the Cliff Lake porphyritic 
granodiorite (Fig. 24-25). This granodiorite intruded late 
and is essentially unmetamorphosed. The sparse evidence 
for the two earlier events consists of folded leucocratic 
lenses and discontinuous layers in hand samples (Westerman 
1978, pp. 92, 121) . 
Other investigations in the Red Lake area have been 
conducted by Breaks et al. (1978a), who made detailed 
petrographic and chemical studies of migmatites near Ear 
Falls (Fig. 26). The peraluminous granite at Perrault Falls 
was studied by Morin and Turnock (1975). They concluded 
that the mafic clots in the granite are refractory relicts 
of nearby paragneisses (Fig. 26). 
The Wabigoon Subprovince 
Vermilion Bay is located in the extreme northern edge 
of the Wabigoon Subprovince. Two metagraywackes were 
collected from one outcrop in the subprovince (RLl and RL2) . 
Sample RLl is a biotite gneiss. In the Vermilion River 
area, Harris (1976) concluded that the lack of garnet and 
cordierite in biotite gneisses was due to high amounts of 
potassium in the bulk composition. This observation may 
• 
• 
• 
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also apply to this sample. The lack of garnet, cordierite, 
and other key metamorphic minerals hinders the ability to 
estimate temperature-pressure conditions. The minimum 
temperature of metamorphism is limited by several biotite-
forming reactions, which occurs around 400-450°C at 1-7 kb 
(Fig. 27) (Brown 1975, p. 270; Chatterjee 1971; Ernst 1963; 
Nielsen 1978, p. 118; Miyashiro 1975, p. 210; Westerman 
1978, pp. 212-213, 220 and Winkler 1979, pp. 212-213) . 
Rough estimates of the maximum metamorphic temperature 
can be based on the stability of biotite. Eugster and Wanes 
(1962) found that annite, the iron end member of biotite, 
would break down at various f02 values between 700 and 800°C 
at 0-2 kb. The breakdown resulted from this reaction: 
20) Annite = Kalsilite + Leucite + 
Fayalite +Magnetite+ H2o 
Phlogopite, the magnesium end-member, also reacted in a 
similar manner at 950-1100°C. 
21) Phlogopite = Kalsilite + Leucite + 
Forsterite + H2o 
Reactions 20 and 21 may not occur in nature. In many 
natural samples, biotite appears to break down through 
reaction 22 at granulite facies conditions and is probably 
stable below 700-800°C. 
22) Biotite +Quartz= 
Hypersthene + K-feldspar + H20 
The metamorphic pressures for RLl can not be estimated . 
99 
Fig. 27. Metamorphic pressure and temperatures for the 
extreme northern portion of the Wabigoon Subprovince north 
of Vermillion Bay, Ontario on the Red Lake road (Highway 
105) . 
= 
-
Legend 
Biotite Gneiss RLl 
/// Cordierite-Biotite Gneiss RL2 
Reactions 
Stilpnomelane +Muscovite= Biotite + Muscovite 
(Winkler 1979, pp. 219-221, 243) 
Al 2Si05 Triple Point: Holdaway 1971 
Muscovite+ Chlorite +Quartz= 
Cordierite + Biotite + Vapor 
(Schreyer & Seifert 1969) 
Granite Minimum: Tuttle and Bowen 1958; Merrill et al. 
1970; Winkler 1979 
Orthopyroxene + Cordierite-in reactions: Grant 1973, 
p. 309.; Westerman 1978, p. 140 
Annite-out: Eugster and Wones 1962 
24) Fe-Cord+ Biotite = Almandine + K-feldspar + Vapor 
(Thompson 1976) 
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However, sample RL2, which is from the same outcrop as RLl, 
contains a more significant assemblage: quartz, plagioclase, 
biotite, cordierite, sillimanite, and opaque minerals. The 
presence of cordierite and biotite in sample RL2 suggests 
that metamorphic temperatures were above this reaction: 
23) Chlorite +Muscovite+ Quartz= 
Cordierite + Biotite + H2o 
Schreyer and Seifert (1969) determined the pressure and 
temperature conditions for reaction 23 by using magnesium 
end members. The following results are approximate since 
natural samples contain iron: 
3 kb 
4 kb 
5 kb 
6 kb 
about 560°C 
about 590°C 
about 610°C 
about 640°C 
The absence of garnet, K-feldspar, and orthopyroxene 
in Sample RL2 indicates that temperatures were not high 
enough for the following reactions to occur: 
24) 
25) 
Fe-Cordierite + Fe-Biotite = 
Almandine + K-feldspar + H2o 
Biotite +Quartz= 
Hypersthene + Almandine + K-feldspar + H2o 
According to Thompson (1976) reaction 24 occurs 
2 kb about 680°C 
3 kb about 670°C 
4 kb about 660°C 
5 kb about 640°C 
at: 
• 
• 
• 
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Thompson's results are only approximate since the 
effects of magnesium in natural samples are ignored . 
Metamorphic pressures could not have exceeded 6-7.5 kb, 
since cordierite becomes unstable above this pressure (Newton 
& Wood 1979, p. 400). The sillimanite in RL2 is only found 
in the cores of cordierites and may have been metastable or 
post-metamorphic. If the sillimanite is stable, minimum 
metamorphic pressures were probably 1-2.5 kb based on 
Holdaway's A1 2Si05 triple point (Holdaway 1971). 
The cordierites of RL2 yielded Mg/Mg+ Fe around 0.6 . 
According to reactions 23 and 24, metamorphic temperatures 
were probably 600-700°C. In this temperature range, 
cordierite geobarometry yields the following results using 
the models of Martignole and Sisi (1981): 
PH2o = 0.8 Ptotal = 5.5-6.5. kb 
and Newton and Wood (1979, p. 400): 
PH20 = ptotal = 5.5 kb 
In su.rrnnary, RLl and RL2 were probably metamorphosed at 
5.5-6.5 kb and 550-700°C. The results are shown in Figure 
27. 
The Contact Zone Between The Wabigoon 
and English River Subprovinces 
The contact between the Wabigoon and English River 
Subprovinces is located about 3-4 km north of Vermilion Bay 
on Highway 105 (Fig. 25). Westerman (1978, pp. 208-209) 
described the structural geology of the contact in detail, 
• 
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but the metamorphic geology of the surrounding rocks was 
not discussed. The Wabigoon metavolcanics become very 
foliated near the contact zone. The supracrustals of the 
Wabigoon Subprovince are separated from the orthogneisses 
of the English River Subprovince by 300-400 meters of 
granitoid intrusives. The contact may represent a fault 
zone that was later intruded by granitoid plutons (Westerman 
1978, pp. 208-209). 
The English River Subprovince 
Most of the southern English River Subprovince contains 
orthogneisses and granitoid intrusives. The rocks are not 
helpful in determining metamorphic conditions. The southern-
most useful metamorphic rocks are located about 5 and 19 km 
north of Vermilion Bay. Sample RLlO, an amphibolite, is 
located just north of the Wabigoon-English River boundary 
zone (Fig. 24). The second site has hypersthene granulites 
and is located near the Redvers and Buller townships' line 
on Highway 105 (Fig. 24). Granulites, biotite-garnet 
gneisses, biotite-garnet-cordierite gneisses, and amphibo-
lites outcrop around Cedar and Cliff Lakes (Fig. 24-25). 
An English River Subprovince Amphibolite 
Sample RLlO is located in the English River Subprovince 
about 1 km from the boundary zone with the_Wabigoon Sub-
province . 
or dike. 
The rock is an amphibole-rich mafic metavolcanic 
Folded layers in the hand sample indicate at 
least two deformational events. The sample contains quartz, 
• 
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plagioclase, blue-green hornblende, sphene, and traces of 
epidote . 
Metamorphic Conditions 
The amphibolite was metamorphosed to the lower or 
middle amphibolite facies. Reaction 26 may explain the 
absence of chlorite in the sample. 
26) Actinolite + Chlorite + Epidote + Albite + 
Quartz= Hornblende+ Plagioclase + Quartz 
(Spear 1981, p. 724) 
The absence of chlorite indicates that the minimum meta-
morphic temperature was 475-575°C (Liou et al. 1974, p. 
613). The exact pressure and temperature conditions can 
not be estimated quantitatively. The amphibolite probably 
did not reach middle to upper amphibolite facies since 
clinopyroxene is not present (Winkler 1979, pp. 173, 264-
268) . 
Granulites 
Metamorphism in the Cliff Lake 
and Clay Lake Area 
Several granulite outcrops are located between Cliff 
and Cedar Lakes (30-45 km north of Vermilion Bay on Highway 
105 [Fig. 24-26]). Most of the granulites are orthogneisses 
from the Clay Lake Granitoid Suite, while some belong to 
the Group A Twilight Paragneisses (Westerman 1978, pp. 94-
100). The paragneiss and orthogneiss granulites appear 
greasy-green with 15-20 percent mafic minerals (Westerman 
• 
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1978, pp. 47, 57, 94). The rocks commonly contain plagio-
clase, quartz, biotite, hypersthene and opaques with 
occasional hornblende and garnet. Some of the granulites 
have undergone retrograde metamorphism during which 
hypersthene, biotite, and feldspars have been altered to 
serpentine, chlorite, and sericite. The late intrusion of 
granodiorite porphyries are responsible for the retrograde 
event (Westerman 1978, p. 102). 
Westerman (1978, pp. 93-94) concluded that the Clay 
Lake Granitoid Granulites were produced from tonalite 
plutons during a third and final regional metamorphic event. 
He gave several reasons for ruling out a supracrustal 
protolith (Westerman 1978, pp. 104-105, 107): 
1) Unlike most paragneisses, the rocks lack well-
developed compositional banding. 
2) The rocks have deformed microcline phenocrysts . 
3) Numerous xenoliths in the granulites favor an 
intrusive origin for the protolith rather than a 
volcanic origin . 
4) Geochemical data clearly supports an igneous 
rather than sedimentary origin. 
Westerman (1978, pp. 94, 114) found garnet and ortho-
pyroxene as a stable paragenesis in some of the Twilight 
Gneiss and Clay Lake Granulites. In this study, very few 
garnet-hypersthene granulites were found in the Cedar Lake 
and Cliff Lake area and orthopyroxene and garnet are never 
in contact with each other. For example, in sample GlA 
• 
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the hypersthene and garnet appear in different layers. 
Variations in the Al 2o3 content of the original sedimentary 
lamellae could explain this segregation. Hypersthene would 
have formed in the aluminum-poor layers, while garnet would 
have developed in layers richer in aluminum. Thus, the 
sample contains two parageneses: 
1) Quartz+ Plagioclase + Garnet (Garnet Gneiss) 
2) Quartz+ Plagioclase + Biotite + Hypersthene + 
Opaques (Mafic Granulite) 
Metamorphic Conditions 
The hypersthene probably formed during the third and 
final progressive metamorphic event (Westerman 1978, pp. 
92-94). 
sthene. 
27) 
28) 
Two reactions may explain the origin of the hyper-
Biotite +Quartz= Hypersthene + K-feldspar + H2o 
(Eugster & Wones 1962) 
Hornblende+ Biotite +Quartz=. 
Hypersthene + K-feldspar + Plagioclase + H2o 
(De Waard 1965) 
Reaction 27 by itself may account for the hypersthene in 
most of the rocks studied. In a few tonalites, igneous or 
amphibolite-facies hornblende is present and reaction 28 is 
suggested by the contacts between the amphibole, biotite, 
orthopyroxene, quartz and feldspars. 
The variable Mg+2 /Fe+2 content in hypersthene and 
biotite makes precise pressure-temperature estimations for 
• 
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reactions 27 and 28 difficult and metamorphic conditions can 
not be estimated directly from the rocks. Neighboring 
lithologies provide rough approximations. For example, 
nearby anatectites suggest metamorphic temperatures of 650-
7500C, based on biotite-garnet geothermometry and minimum 
granite melting (Westerman 1978, p. 96; Table 4). Rough 
pressure estimates of 4-6.5 kb were obtained from nearby 
amphibolites and from granites at Perrault Falls (Fig. 24; 
Westerman 1978, p. 98). Other results obtained from the 
neighboring lithologies will be discussed later . 
Amphibolites 
The amphibolites and mafic granulites in the Cliff and 
Cedar Lakes area are metamorphosed mafic metavolcanics or 
diabase dikes. They commonly occur as enclaves in tonalitic 
gneisses, granodioritic gneisses, and granodiorite porphy-
ries and may reach 1 km in length. Many of the amphibolites 
are banded, which could represent relict volcanic layering 
(Westerman 1978, pp. 50-51) . 
Metamorphic Conditions 
All of the amphibolites have been metamorphosed to 
upper amphibolite or granulite facies. The amphibolite 
assemblages are: 
1) Plagioclase + Brown Hornblende± Biotite ± Quartz 
2) Plagioclase + Brown Hornblende+ Diopside-
Hedenbergite ± Biotite ± Quartz 
• 
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TABLE 4 
BIOTITE-GARNET GEOTHERMOMETRY OF BIOTITE GARNET 
GNEISSES IN THE CLIFF-CEDAR LAKES AREA 
Biotite-Garnet Geothermometry 
Ferry and Spear 1978 (See Appendix A) 
Garnet Cores Were Used; Maximum Error: ± 130°c 
Sample Min. Max. Ave . 
D4 614°c 764°C* 712°C 
D5 785°C* 1257°C* 951°C* 
D7 639°C 713°c 679°C 
G2B 796°C* 952°C* 868°C* 
RL52 580°C 885°C* 767°C* 
RL120 686°c 698°C 692°C 
RL360+ 586°C 657°C 612°C 
*Unreasonable results and Thompson's geothermometer 
does not improve the results. 
+A biotite-garnet-cordierite gneiss . 
• 
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3) Plagioclase + Brown Hornblende+ Diopside--
Hedenbergite + Hypersthene ± Biotite ± Quartz 
The metamorphic grade increases from assemblage one to 
three. Experiments indicate that orthopyroxene forms at 
least 10-30°C higher than the first formation of clinopy-
roxene (Spear 1981, p. 697). The development of 
orthopyroxene depends on f0 2 , fH 2o, and the bulk composition 
of the rock. Orthopyroxene can form by the breakdown of 
amphibole, which occurs at temperatures greater than 700°C 
(Spear 1981). 
Clinopyroxene and orthopyroxene isograds, plotted 
for amphibolites and other rocks, indicate that the 
metamorphic grade between Vermilion Bay and Perrault Falls 
was highest near Trail Lake (Fig. 25, 28). Isolated 
orthopyroxene granulites are located at RL150 and G8. 
The isolated lithologies may have been produced by changes 
in bulk composition, lower PH2o conditions or erosional 
effects. 
Laird and Albee (1981) calibrated several diagrams for 
estimating metamorphic pressures in metabasites. Compari-
son of the Na/Ca+ Na and Al/Si+ Al contents suggests that 
metamorphic pressures corresponded to the low-pressure 
Abukurna or medium-pressure Dalradian Series (Laird & Albee 
1981, p. 141) (Fig. 29). Both of the series indicate 
pressures of 3.5-6 kb (Miyashiro 1973, pp. 72, 74). Morin 
and Turnock (1975, p. 353), also estimated Abukurna pressure 
conditions for cordierite paragneisses near Perrault Falls . 
--------------- -- ·--
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Fig. 28. Metamorphic isograds in the Cedar Lake and 
Clay Lake area, Ontario. Figure 25 shows the location of 
this area. Modified after a Department of Energy, Mines, and 
Resources of Canada Topographic map (1976). 
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Fig. 29. A Laird and Albee (1981) Na/Na+ Ca x 100 
versus Al/Al+ Six 100 graph for amphiboles from various 
metabasites along Highway 105 between Vermilion Bay and 
Perrault Falls, Ontario (Fig. 28). This graph indicates 
approximate metamorphic pressure of 3.5-6 kb. 
Legend* 
Sample Na/Na+ Ca X Al/Al + Si X II of Amphibo le 
Number 100 ± 36% S.D. 100 ± 4% S.D. Measurements 
• G3 24.6 5.9 18.7 3.3 6 
¢ G5B 22.0 3.0 17.5 1.1 3 
+ G7 20.5 2.7 20.3 1.4 3 
* 
G9A 20.6 3.4 20.0 0.5 3 
*See explanation in Figure 11. Chemical data for the 
amphiboles are listed in Appendix B. 
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Two pyroxene geothermometry was conducted on two mafic 
granulites (G3 and G5B). Several workers, Wood and Banno 
(1973), Ross and Huebner (1975), Saxena (1976), Wells (1977), 
and Lindsley and Anderson (1982), have tried calibrating 
the geothermometer. Wells' thermometer probably works well 
for ultramafic rocks that formed above 900°C (Essene 1982, 
p. 172). His thermometer yielded unreasonable results (~ 
1200°C) for both samples (Table 5). Bohlen and Essene 
(1979) found that the presence of Fe+3 in the pyroxenes 
produced significant errors in temperature estimates. The 
microprobe results from this study were charge balanced to 
· F +3 1 d d estimate e va ues an re uce temperature errors. 
Compensating for the presence of Fe+3 did not improve the 
temperature results (Table 5). The poor temperature 
results for mafic granulites are consistent with observa-
tions made by other workers (Bohlen & Essene 1979) . 
The Metamorphic Geology of the 
Biotite-Garnet Gneisses near 
Cliff and Cedar Lakes 
The majority of the biotite-garnet gneisses, e.g., D4 
and D7, are medium- to coarse-grained migmatites with a 
light pink leucosome. The melasome is generally 1-2 mm 
thick, usually continuous, and may be relict sedimentary 
beds (Westerman 1978, p. 113). Other garnet gneisses, 
e.g., RL52 and RL120, are gray with poorly segregated 
leucosomes and melasomes. The rocks are medium-grained and, 
• • • • • • • • • 
TABLE 5 
TWO PYROXENE GEOTHER..~OMETRY OF TWO MAFIC GRANULITES (G3 AND G5B) (WELLS 1977) 
Sample Pyroxene 
3 Opx 1 
3 Opx 2 
3 Opx 3 
3 Cpx lA 
3 Cpx lB 
SB Cpx lA 
SB Cpx 2 
SB Cpx 3 
5B Opx lA 
SB Opx 2 
Mg 
3.62 
3. 77 
3.58 
2.41 
2.27 
2.93 
2.77 
2.78 
4.22 
4.13 
Atoms per 24 Oxygens 
Fe Total 
3.94 
3.74 
3.80 
1. 73 
1.57 
1. 41 
1.28 
1.36 
3.30 
3.36 
Fe+3 
in opx 
0.22 
0.27 
0.22 
0.23 
0.26 
Fe+2/Fe+2 + 
Mg in opx 
No Fe+3 
0.51 
0.48 
0.50 
0.42 
0.43 
amg2si2o6* 
0.22 
0.24 
0.23 
0.18 
0.18 
0.25 
0.25 
0.24 
0.30 
0.29 
Mg2Si2o6Cpx 
ln aMg2si2o6opx 
Max Min 
Cpx lA Cpx lB 
& Opx 2 & Opx 1 
-0.32 -0.22 
Cpx 3 Cpx lA 
& Opx lA & Opx 2 
-0.22 -0.17 
Min. 
Temp.** 
1200°c+ 
1300°C+ 
+ These temperatures are approximately 400°C higher than expected. The geothermometer failed for 
samples G3 and G5B. 
• 
Max. 
Temp.** 
1300°C+ 
1300°C+ 
*aMg2Si2o6 • ( Mg+Z ) x ( Mg ) from Wood and Banno 1973, eq. 24. Ca+ Mg+ Fe +Mn+ Na M2 Fetot +Al+ Ti+ Mg Ml 
**TOK. 7341 
3.355 + 2.44(Fe+2/Fe+2 + Mg in Opx) - ln aM&2Si206Cpx 
Mg2S£2o6opx 
• 
t-' 
t-' 
V1 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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in some cases, the foliation is very weak. The protolith(s) 
for the second group is unknown . 
Metamorphic Conditions 
The exact pressure and temperature conditions for the 
biotite-garnet gneisses are unknown. Almandine probably 
forms at temperatures above 500°C (Winkler 1979, p. 221). 
Many of the samples appear to have undergone anatexis 
(Westerman 1978, p. 96). Anatexis in granitic rocks 
requires a minimum temperature of 650°C under water-
saturated conditions . 
The absence of cordierite and orthopyroxene indicates 
that metamorphic temperatures did not exceed 750°C under 
anhydrous conditions or orthopyroxene and cordierite would 
develop (Grant 1973, p. 309; Westerman 1978, p. 140): 
29) Plagioclase + Biotite +Garnet= 
K-feldspar + Cordierite + Orthopyroxene + Melt 
Under hydrous conditions, the maximum metamorphic tempera-
ture is lowered to 675-725°C by this reaction (Westerman 
1978, p. 140): 
30) Quartz+ Plagioclase + Biotite +Garnet+ H2o = 
Cordierite + Orthopyroxene + Melt 
The fH2o and metamorphic pressures are unknown . 
Biotite-garnet geothermometry was conducted on several 
samples (Table 4). Ferry and Spear's geothermometer (1978), 
which works well for medium grade rocks (Essene 1982, p . 
165; Appendix A), was used in this study. Some of the 
• 
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temperatures are unreasonable and could have been influenced 
by the high manganese and calcium contents of the garnets . 
Analytical imprecision (3-10%) and Fe+3 in biotite may also 
be responsible. Most of the results from samples D4, D7, 
and others are within the 650-750°C range predicted by 
reaction 29 and minimum granite melting (Table 4). 
Biotite-Garnet-Cordierite Gneiss 
Cordierite is extremely rare in the Cedar Lake-Cliff 
Lake area and never coexists with orthopyroxene. The lack 
of cordierite is probably due to aluminum-poor bulk compo-
sitions and low metamorphic temperatures. Only two 
cordierite gneisses were found (RL130 and RL360; Fig. 24, 
28). The hand samples are dark and slightly foliated . 
Sample RL130 is rich in plagioclase with numerous biotite 
inclusions. The other specimen is fine-grained and rich in 
biotite. The cordierite is altered to white mica and 
biotite is partly chloritized, which makes garnet-cordierite 
geobarometry inaccurate. One garnet, from sample RL360, 
was used to estimate pressure conditions at 600-700°C: 
PHO= 0.8 Ptotal = 5.8-7 kb 
2 
(Martignole & Sisi 1981) 
The garnet core from RL360 has Mn/Mg+ Fe+ Mn of 12% 
and values greater than 5% significantly effect the pressure 
results (Lanker 1981). Lanker (1981) derived tables to 
eliminate geobarometry errors created by manganese-rich 
garnets (Appendix A). His tables yielded: 
• 
• 
• 
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PHO= ptotal = 6.5-7.5 kb 
2 
The results of the garnet-geobarometry may be overesti-
mated. Newton et al. (1974) estimated the upper stability 
limit of cordierite and K-feldspar to be 6.5 kilobars and 
750°C under anhydrous conditions. The abundance of 
anatectic migmatites and hydrous minerals indicate water-
rich metamorphism. At PHzO = Ptotal' the upper stability 
of cordierite and K-feldspar is 5.5 kilobars and 700°C 
(Seifert 1976, p. 181). 
Only one garnet-biotite tempe·rature was obtained from 
the cordierite-garnet-biotite gneisses (Table 4; RL360). 
Samples D4, a biotite-garnet gneiss, and RL360 are from the 
same outcrop, but the biotite-garnet temperatures for the 
two samples differ by 100°C (Table 4). Many measurements 
were taken on D4 and the garnets were not manganese-rich. 
Therefore, D4's temperatures were probably more reliable 
than the temperatures from RL360. 
Summary of the Cliff and 
Clay Lakes Area 
Biotite-garnet gneisses, cordierite-biotite-garnet 
gneisses, amphibolites, and granulites outcrop in the Cliff 
and Cedar Lakes area. Biotite-garnet temperatures were 650-
7500C and a pressure diagram for the amphibolites yielded 
rough results between 3.5 and 6 kb. A single garnet 
measurement from RL360 gave estimates at 5. 8- 7 kb . 
• 
• 
• 
• 
• 
• 
• 
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Metamorphism at Perrault Falls 
Three lithologies, the clotty granite, leucogranite, 
and garnet-cordierite paragneiss outcrop within a SO km2 
area around Perrault Falls (Fig. 25). The leucogranite is 
medium-grained and massive. The paragneiss is heterogeneous 
and contains biotite, amphibole, and quartzofeldspathic 
layers (Morin & Turnock 1975). 
Westerman (1978) and Morin and Turnock (1975) have 
studied the clotty granite. The rock is pink with numerous 
mafic clots and garnet porphyroblasts. The clots vary from 1 
to 10 cm across and contain green biotite, quartz, silli-
manite and cordierite. The granitic groundmass consists of 
quartz, albite, microcline, brown biotite and sillimanite. 
Morin and Turnock (1975) suggest that the granite had an 
anatectic origin and that the clots represent refractory 
relicts of a biotite-cordierite-sillimanite gneiss . 
Metamorphic Conditions 
Westerman (1978, p. 214) estimated metamorphic condi-
tions for the Perrault Falls District to be 4.5-6.5 kb at 
650-750°C, while Morin and Turnock (1975, p. 335) estimated 
650-700°C at 1-5 kb. Both Westerman (1978) and Morin and 
Turnock (1975) based their minimum metamorphic temperature 
(650°C) on the minimum granite melting curve. Westerman 
(1978) assumed dry conditions and placed the upper tempera-
ture limit at anhydrous plagioclase-garnet-biotite melting 
(reaction 29). Morin and Turnock used reaction 30 under 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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hydrous conditions. Morin and Turnock's temperature maximum 
may be too low, since PH2o may be less than Ptotal . 
The pressure estimates of 1-5 kb by Morin and Turnock 
(1975) were based on the stability of muscovite and quartz, 
which depends on fH2o. Their pressure range can probably 
be reduced to 4-5 kb, from cordierite-garnet geobarometry 
and amphibolite diagrams of nearby rocks at Cliff Lake and 
Ear Falls. 
Westerman (1978) assumed FeO/FeO + MgO = 0.6 for the 
bulk composition of the granite. Using this value and 
cordierite-garnet geobarometry from Winkler (1974), he 
derived metamorphic pressures at 4.5-6.5 kb. His pressure 
estimates are probably unreliable because Winkler's pressure 
diagram is largely based on Currie (1971) and Currie's data 
conflict with more recent results (Lonker 1981, p. 1067; 
Martignole & Sisi 1981) . 
No geothermobarometry was done on the Perrault Falls 
granites. Most of the key metamorphic minerals are in the 
paragneiss clots, which have undergone at least two metamor-
phic events: once during the formation of the paragneisses 
and secondly, during the anatectic formation of the granite. 
Distinguishing the two metamorphic events through 
geothermobarometry would be difficult and uncertain. 
Metamorphism in the Manitou· Falls 
and Ear Falls Area 
The Manitou Falls-Ear Falls study area is located in 
the North Domain of the English River Subprovince (Fig. 26, 
• 
• 
• 
• 
• 
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30). A large portion of the area contains migmatized 
paragneisses. There are also minor outcrops of mafic to 
intermediate granulites, intermediate plutons, and meta-
volcanics. Many of the minor lithologies crop out around 
Goose and Wegg Lakes (Fig. 30) . 
Migmatites 
The migmatites may have relict bedding and, unlike the 
orthogneisses, they contain abundant cordierite and garnet 
(Harris & Goodwin 1976, p. 1207). Trace element studies by 
Breaks et al. (1978a. pp. 19-23) indicate that the proto-
liths for the migmatites were sediments derived from 
tholeiitic basalt. trondhjemitic plutons. and felsic to 
intermediate volcanics. Chemical analyses suggest that the 
migmatite formed by anatexis (Breaks et al. 1978a, p. 13). 
Paragneiss Metamorphic Assemblages 
and Metamorphic Grade 
The paragneisses can be divided into groups according 
to their metamorphic assemblages: 
1) 
2) 
3) 
4) 
Quartz + Plagioclase + Biotite 
Quartz + Plagioclase + Biotite + 
Quartz + Plagioclase + Biotite + 
Sillimanite 
Quartz+ Plagioclase + Biotite + 
K-feldspar> Quartz+ Plagioclase 
Cordierite ± Sillimanite 
Garnet 
Cordierite 
Garnet± 
+ Biotite 
5) Quartz+ Plagioclase + Biotite +Garnet+ 
± 
+ 
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Fig. 30. Sample locations near Manitou Falls (west of 
Ear Falls, Ontario [Fig. 3, 26]). Thin sections were made 
of 72 samples from the areas shown in this figure and Fig. 
26 (Appendix B). 
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Cordierite ± Sillimanite ± K-feldspar 
6) Quartz+ Plagioclase + Biotite +Garnet+ 
Cordierite + Opaques; Cordierite + Hercynite 
(a spinel) + Opaques 
The metamorphic grade increases from Assemblages 1 to . 
6, although there is some overlap. Assemblages 4 and 6 have 
more than one paragenesis. In Assemblage 4, cordierite and 
garnet do not appear in contact with each other. Hercynite 
is only found in the cores of cordierites in Assemblage 6 and 
was probably unstable with other minerals, especially quartz . 
The six different assemblages were produced by tempera-
ture and bulk compositional effects. Harris (1976) 
concluded that a high amount of potassium in the bulk 
composition of the rock would produce Assemblage 1. If the 
potassium is removed by metasomatism or melting, assemblages 
2 and 3 would form. The production of cordierite or garnet 
would depend on the amount of aluminum in the rock. 
Assemblages 4 and 5 were also present along the 
Vermilion River road (Chapter 2). The presence of silli-
manite in the Red Lake assemblages can be explained by 
additional reactions: 
31) 
32) 
Biotite + Sillimanite +Quartz= 
Cordierite +Garnet+ K-feldspar + H20 
Cordierite =Garnet+ Sillimanite +Quartz± H20 
Holdaway and Lee (1977) did a series of calibrations 
for reaction 31 at PH2o = 0.4 Ptotal ~ Ptotal and Fe/Fe+ 
Mg for cordierite and garnet= 20-100 percent. They used 
• 
• 
• 
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natural samples and found that garnet-cordierite gneisses 
generally form between 4 and 7 kb. Reaction 32 has been 
used for cordierite-garnet geothermobarometry by Lonker 
(1981), Martignole and Sisi (1981) and other workers . 
Assemblage 6 may form at very high temperatures by the 
reactions: 
33) Biotite + Sillimanite = 
• Cordierite + Spinel + K-feldspar + H2o 
(Spear 1982, p. 1900) 
34) Garnet+ Sillimanite = Cordierite + Spinel 
• (Harris et al. 1982, p. 521) 
• 
• 
• 
• 
• 
• 
However, the absence of sapphirine and orthopyroxene 
indicates that metamorphic temperatures did not reach 
the cordierite-spinel breakdown curve (Newton & Wood 
1979). 
Figure 30 shows the distribution of the four supra-
crustal isograds that separate the six assemblages. In 
general, the metamorphic grade is highest in the west 
between Oak and Goose lakes. Hercynite is present in thin 
sections G73A and G79A (Fig. 26, 30). The metamorphic 
grade, excluding retrograded areas, appears to be the lowest 
along Camping Lake and the Chukuni River, which have 
assemblages 1-3. 
Two retrograded zones are present in the Manitou Falls 
area. One is located near a granitic to intermediate pluton 
at the east end of Goose Lake (Fig. 30) and contains biotite 
gneisses, chloritized biotite gneisses, chloritized 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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intermediate porphyritic metavolcanics, and tremolite 
schists. Before retrograde metamorphism, most of the rocks 
were probably at upper greenschist- or amphibolite-facies 
conditions since the highest non-retrograded rocks in the 
zone are biotite gneisses. The large differences in meta-
morphic grade between the low g.rade rocks and the nearby 
migmatites probably indicates two separate metamorphic 
events. The schists and metavolcanics may represent 
localized feeder dikes from nearby intermediate plutons 
that were emplaced and regionally metamorphosed late in the 
Kenoran Orogeny after the migmatization. Metamorphic 
fluids from the pluton were probably responsible for retro-
grading some of the rocks to lower greenschist facies 
conditions. Westerman (1978, pp. 101-103) formed similar 
conclusions for granodiorite porphyries in the Cliff and 
Cedar Lakes Region . 
The second retrograded area is smaller and is located 
near a small intermediate pluton on the Chukuni River 
between Camping Lake and Ear Falls (Fig. 26, 30), where 
biotite and biotite-garnet gneisses have been epidotized, 
chloritized and/or sericitized. In sample MFllA, garnet 
has been replaced by epidote, and biotite by muscovite . 
Sample MFlOB is a biotite gneiss with sericitized feldspars 
and biotites partially altered to chlorite and muscovite. 
Geothermobarometry 
Figures 28, 31 and Table 6 show the geothermobarometry 
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Fig. 31. Metamorphic pressure and temperature condi-
tions for the Manitou Falls-Ear Falls area, Ontario. 
Figures 3 and 26 show the location. 
Legend 
Al 2Si05 triple point: Holdaway 1971 
Cordierite + Orthopyroxene-in reactions: Grant 1973, 
p. 309; Westerman 1978, p. 140 
All other reactions are from Winkler 1979, pp. 84, 243. 
, . 
. . 
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Late (?) Metavolcanics 
lParagneisses (Biotite ±Garnet± Cordierite ± Hercynite ± Hypersthene) Sample RL331--Leucosome from a migmatite 
Two-Feldspar Geothermometry of RL331. Ptotal = 
5 kb; Ave. Temp.: 691°C 
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TABLE 6 
GEOTHERMOBAROMETRY RESULTS FOR THE MANITOU FALLS AREA, ONTARIO 
Biotite-Garnet Geother-
mometry °C (Ferry and Cordierite-Garnet Geobarometry- Max. Value 
Spear 1981) (Appendix A) kb (Martignole and Sisi 1981) Max. Value of of 
Garn. Cores Were Used (Appendix A) Mn+Ca/ Mn+Ti/Mn+ 
Errors= ±130°C Mineral Cores Were Used Mg+Ca+Mg+Fe Ti+Mg+Fe 
Mg/Mg+Fe Mg/Mg+Fe % % 
Sample Max. Min. Ave. Cord. Garn. Prange Cord. Garn. Biot. % 
G52C 606 536 573 -- -- -- -- 10 6 
G53A 738 708 723 0.63-0.65 0.13-0.24 5.5-7.0 4 10 10 I-' N 
"° G55A 709 457* 645** 0.67-0.70 0.17-0.19 5.5-7.0 Tr 10 7 
G62E -- -- -- 0.57 -- 5.0-6.5 3 -- 8 
G63A 763 742 753 -- -- -- -- 9 8 
G68B 622 572 592 0.60-0.63 0.13-0.19 5.0-6.0 7 5 9 
G69A 785* 620 660** 0.70-0.75 0.20-0.28 6.0-7.5 3 6 9 
G79A 852* 694 745** 0.67-0.69 0.23-0.28 6.5-7.0 8 8 13 
G89 683 605 644 -- -- -- -- 16 6 
G98C 614 571 593 0.66-0.67 0.17-0.19 5.5-6.5 1 10 7 
Gl02 724 514 613 -- -- -- -- 8 6 
Gl03A 643 603 626 0.61-0.63 0.12-0.13 5.0-6.5 2 8 8 
Gl03B -- -- -- 0.64-0.67 -- 5.5-7.0 4 
• • • • • • • 
TABLE 6--(Continued) 
Biotite-Garnet Geother-
mometry °C (Ferry and Cordierite-Garnet Geobarometry-
Spear 1981) (Appendix A) kb (Martignole and Sisi 1981) 
Garn. Cores Were Used (Appendix A) 
Errors=± 130°C Mineral Cores Were Used 
Mg/Mg+Fe Mg/Mg+Fe 
Sample Max. Min. Ave. Cord. Garn. P Range 
Gl06B -- -- -- 0.59-0.63 -- 5.0-7.0 
MFlA 780* 702~"' 733* -- -- --
MF4A 556 556 556? -- -- --
MF16 611 586 599 -- -- --
MF19 631 531 580 -- -- --
RL360 657 586 612 -- -- --
Tr. = Trace, < 1% 
~._. Unreasonable temperatures based on mineral assemblages. 
** Average temperature excludes unreasonable results. 
• • 
Max. Value of 
Mn+Ca/ 
Mg+Ca+Mg+Fe 
% % 
Cord. Garn. 
4 
-- 7 
-- 16 
-- 23 
-- 19 
-- 18 
• 
Max. Value 
of 
Mn+Ti/Mn+ 
Ti+Mg+Fe 
Biot. % 
7 
6 
9 
3 
7 
• 
I-' 
w 
0 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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results for the area. Garnet-cordierite geobarometry, 
based on the model of Martignole and Sisi (1981), gives 
pressures of 5-7.5 kb (Table 6; Appendix A). In some cases, 
the results were unreasonable. Samples Gl03A and Gl03B are 
from the same outcrop, yet the pressure-dependent Mg/Mg+ 
Fe values for cordierites vary considerably (Table 6; Fig. 
32). The variation could be due to bulk compositional dif-
ferences. In addition, the geobarometer's results conflict 
with Mg-cordierite and K-feldspar stability limits, which 
are: 5.5 kb and 700°C at PH2o = Ptotal and 6.5 kb at 750°C 
under anhydrous conditions (Seifert 1976, p. 181; Newton 
et al. 1974, p. 308; Harris 1976, p. 102). 
Lenker (1981) derived a cordierite-garnet geobarometer 
to eliminate pressure errors produced by manganese in 
garnet (Appendix A). Without the manganese compensation, 
the pressure results are nearly identical to measurements 
using Martignole and Sisi (1981). The manganese compensa-
tion tables do not improve the results and, in most cases, 
provide pressures greater than 7.5 kb. At such pressures, 
kyanite rather than sillimanite would be stable. Only 
sillimanite has been found in the area. 
In summary, metamorphic pressures are believed to have 
been 5-7.5 kb and may have maximized in the southwest near 
Oak Lake (Fig. 30). However, the results are too few and 
variable to make any definite conclusions. The retrograde 
zone at Goose and Wegg Lakes appears to be surrounded by 
relatively high pressure rocks, which could represent 
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Fig. 32. Mg/Mg+ Fe values for cordierites from North 
Domain (English River Subprovince) paragneisses (G53A, G55A, 
G62E, G68B, G69A, G79A, G98C, Gl03A, Gl03B, Gl06B, Rl343, 
VR35). Harris and Goodwin (1976) also studied the para-
gneisses and their data are plotted. Locations of the 
samples and other information are shown in Table 8 and 
Figures 22, 24, 26 and 30. 
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deeper paragneisses pushed up by ascending plutons, illu-
sions created by analytical errors or Mg/Mg+ Fe variations 
in cordierite due to bulk composition effects. 
Both the Ferry-Spear and Thompson biotite-garnet 
geothermometers give similar results (Ferry & Spear 1978; 
Thompson 1976; Table 6; Appendix A). Metamorphic tempera-
tures in the Ear Falls-Manitou Falls region probably were 
highest in the southwest and maximized near G79A, a 
hercynite migmatite, which may have had a metamorphic 
temperature of 745°C (Table 6). The Camping Lake and 
Chukuni River areas had the lowest prograde metamorphic 
rocks (Fig. 30). These observations are consistent with 
conclusions obtained from metamorphic assemblages. Further-
more, the common occurrence of migmatite in most areas 
indicates that metamorphic temperatures must have been at 
the granite melting minimum (650°C) or higher . 
Intermediate Plutons 
Small medium-grained plutons are scattered throughout 
the area. Many are surrounded by retrograded biotite ± 
garnet gneisses. The plutons are nearly massive and 
commonly contain quartz, plagioclase, biotite, hornblende, 
and traces of sphene . 
Hypersthene Granulites 
Three types of hypersthene granulites are present in 
the Ear Falls and Manitou Falls area: 
• 
• 
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1) Quartz+ Plagioclase + Biotite +Garnet+ 
Hypersthene 
2) Quartz+ Plagioclase + Biotite + Hypersthene; 
Opaque minerals+ Hercynite ± Biotite ± 
e Plagioclase 
• 
• 
• 
• 
• 
• 
• 
• 
3) Hornblende+ Plagioclase + Biotite + Hypersthene + 
Clinopyroxene + Quartz 
Assemblages 1 and 2 form in intermediate orthogneisses or 
paragneisses. Assemblage 3 is found in amphibolites. 
The coexistence of garnet and orthopyroxene is rare in 
the study area along Highway 105. One sample, G63B, 
contains this assemblage (Fig. 30). Grant (1973) suggests 
that hypersthene and garnet may develop from biotite and 
quartz at 650-700°C and 3-6 kb. Biotite-garnet geothermome-
try of G63B gives higher results (742-763°C) (Table 6). 
Sample G74B contains the rare second assemblage (Fig . 
30). The presence of hercynite in Assemblage 2 indicates 
that the assemblage will form at higher temperatures than 
Assemblage 1. The hercynite probably unmixed from a high 
temperature solution with magnetite (Speer 1982, p. 1896). 
Assemblage 3 is very common in the Red Lake Area. The 
origins and metamorphic conditions for this assemblage were 
discussed in detail in the Cliff and Cedar Lakes section of 
this chapter. 
Perthitic Leucosome at Ear Falls 
The lithologies around the Ear Falls area are generally 
• 
• 
• 
• 
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the same as at Manitou Falls. Migmatites are very common 
and contain paragneiss assemblages 3-5. Within one of the 
paragneisses, a very white leucosome was found (RL331) (F.ig. 
26). A sample of the leucosome contains quartz, perthite, 
plagioclase and muscovite. The rock probably formed from 
anatexis. Two feldspar geothermometry, which is based on 
the albite content of plagioclase and alkali feldspar 
(Stormer 1975; Appendix A), gives temperatures around 691°C 
at Ptotal = 5 kb (Table 7). Muscovite and quartz appear to 
TABLE 7 
TWO FELDSPAR GEOTHERMOMETRY OF A MIGMATITE 
LEUCOSOME (RL331) (STORMER 1975) 
Assuming: ptotal = 5 kb 
Atoms per 24 Oxygens 
Sample Ca Na K Na/Ca+ K 
Perthite 1 0.0962 1.9236 1.4353 0.56 
Perthite 2 0.1107 1.5628 1.4698 0.50 
Perthite 3 0.1029 1.7108 1. 3093 0.55 
Plagioclase lA 0.2073 2.1357 0 0.91 
Plagioclase lB 0.2472 2.4554 0 0.91 
Plagioclase 2A 0.2192 2.1770 0.0322 0.90 
Min. Temp. (using Perthite 2 & Plag. la): 680°C 
Max . Temp. (using Perthite 1 & Plag. 2a): 704°c 
Ave. Temp.: 691°C 
Errors± 50°C 
+ Na 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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be stable in Sample RL331. Al 2Sio5 is absent, but no 
kyanite has been reported in neighboring samples. Cordi-
erite is abundant in nearby migmatites. Therefore, sample 
RL331 probably formed at 640-740°C and 3-7 kb (Fig. 31) . 
Variation in the Signs of Cordierite 
The optical properties of natural cordierites are 
variable. The mineral may be biaxial or uniaxial and have 
a negative or positive sign. The 2V is usually above 70°, 
but in some cases may be as low as 40° (Heinrich 1965). 
Thirteen cordierite-bearing samples were studied and 
variations in the optical signs of cordierite were noticed. 
Eleven of the samples are from the Manitou Falls area (Table 
8; Fig. 26, 30). The other two were collected along the 
Vermilion River road and near Vermilion Bay (Fig. 22 and 
24). Table 8 and Figure 32 show the sign variations for 
the samples. In most cases, 2V was approximately 80-90° . 
Samples Gl03A and possibly RL2 and G62E have sign variations 
within the thin sections. 
The cause(s) for the sign variation is (are) unknown . 
The abundance of K, Ti, Na, Ca, and other minor elements do 
not measurably differ between the negative and positive 
cordierites (Table 8). The Mg/Mg+ Fe values of the two 
types overlap (Table 8; Fig. 32). The birefringence and 
indices of refraction are the same. The minerals associated 
with the two varieties of cordierite are also identical, 
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TABLE 8 
THE OPTICAL SIGNS AND COMPOSITIONS OF CORDIERITES IN 
MIGMATITES AND PARAGNEISSES IN WESTERN ONTARIO 
Sample Location Lithology Biaxial (-) Biaxial 
GS3A Manitou Falls, Melacratic X 
Ont. , Fig. 30 Migmatite 
GSSA Manitou Falls, Migmatite X 
Ont., Fig. 30 
G62E Manitou Falls, Melacratic ? ? 
Ont., Fig. 30 Migmatite 
G68B Manitou Falls, Migmatite X 
Ont. , Fig. 30 
G69A Manitou Falls, Migmatite X 
Ont., Fig. 30 
G79A Manitou Falls, Migmatite X 
Ont. , Fig. 30 
G98C Manitou Falls, Migmatite X 
Ont., Fig. 30 
Gl03A Manitou Falls, Migmatite X X 
Ont., Fig. 30 
Gl03B Manitou Falls, Migmatite X 
Ont., Fig. 30 
Gl06B Manitou Falls, Leucocratic ? 
Ont. , Fig. 30 Migmatite 
RL2 Near Vermilion Metased. ? X 
Bay, Ont., Fig. 
24 
RL343 Near Ear Falls Migmatite ? ? 
Fig. 26 
VR35 Vermilion Migmatite X 
River Road, 
Fig. 22 
• 
• 
(+} 
• 
• 
• 
• 
• 
• 
• 
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• TABLE 8--(Continued) 
Minor Elements in Cordierites Ave Std Dev 
(# Grains with the Element) Mg/Mg+ Fe of 
• Total# or Grains of Cord. Mg/Mg+ Fe 
3/3 Mn, L/3 Na, 1/3 Ca 0.64 0.01 
All measurements on rims 
• Cores: 1/3 Mn, 2/3 Na, 3/3 Ca, 1/3 K Rims: 2/3 Na, 1/2 K 0.69 0.02 
Mn 0.57 
• Cores: 1/4 Mn, 1/4 Na 0.61 0.02 Rims: 3/3 Na, 2/3 Ca, 2/3 K 
3/6 Mn, 2/6 Na, 1/6 K 0.71 0.02 
• 3/10 Mn, 4/10 Na, 4/10 K 0.68 0.01 
1/6 Mn & K, 1/6 Ca, 1/6 Na 0.67 0.01 
• 7/8 Mn, 3/8 Na, 1/8 Ca, 1/8 Ti B. ( - ) : 2/3 Na, 1/8 Ca, 2/2 Mn 0.60 0.02 
3/4 Mn, 1/4 Na, 1/4 Ca, 2/4 K, 0.66 0.01 
. 1/4 Ti 
• 2/3 Mn, 3/3 Na, 1/3 Ca, 1/3 K 0.62 0.02 
2/2 Mn, 2/2 K, 1/2 Na 0.62 0.01 
• 
3/3 Mn, 3/3 Na, 2/3 K 0.66 0.02 
2/5 Mn, 4/5 Na, 1/5 Ca, 3/5 K, 0.72 0.01 
• 
1/5 Ti 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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i.e. , quartz, sillimanite, microcline, garnet, biotite, and 
plagioclase . 
Armbruster and Bloss (1980) have suggested that the 
sign and 2V variations are due to changes in the co 2;H20 of 
fluids during cordierite development. Cordierites rich in 
CO 2 tend to be biaxial positive, while H20-rich varieties 
are biaxial negative. Fluid-free cordierite is usually 
uniaxial (Martignole & Nantel 1982, p. 313). This explana-
tion is possible for the 13 samples, but is unprovable 
without further research. The co 2;H2o variation is probably 
related to changes in the fugacity of water and co2 over 
short distances during metamorphism. In the case of Gl03A, 
which has both varieties of cordierite, the changes could 
have been on the scale of millimeters. 
Summar! of Metamorphic Conditions 
a ong the Red Lake Road 
The extreme northern Wabigoon Subprovince, north of 
Vermilion Bay, contains biotite ± cordierite gneisses (Fig. 
24). Cordierite geobarometry of one sample yielded pres-
sures at 5.5-6.5 kb. Metamorphic temperatures, estimated 
from mineral assemblages, were probably 550-700°C. 
The rocks of the North and South Domains of the English 
River Subprovince were probably metamorphosed at 650-750°C. 
Breaks et al. (1978a) have shown through chemical studies 
that the North Domain migmatites formed through anatexis, 
which requires minimum temperatures of 650°C. The stability 
of quartz, biotite, garnet, and plagioclase and the absence 
• 
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of co-existing orthopyroxene and cordierite indicate that 
temperatures were not high enough for garnet, biotite and 
plagioclase to melt (reactions 29 and 30; Newton et al. 
1974, Seifert 1976). Metamorphic temperatures probably did 
not exceed 750°C (Fig. 31). However, the presence of 
hercynite between Oak and Goose Lakes (Fig. 30) indicates 
that metamorphic temperatures may have approached 750°C . 
Biotite-garnet and two feldspar geothermometry generally 
yielded temperatures between 650 and 750°C (Tables 4, 6 
and 7) . 
Metamorphic pressures are more difficult to estimate 
for the English River Subprovince. Cordierite-garnet 
gneisses are rare in the Cliff and Cedar Lakes area. Only 
two samples are available for geobarometry and they are 
highly altered. The geobarometry results for the two rocks 
are 5.8-7 kb. A pressure diagram for the amphibolites 
roughly estimated 4-6 kb. Morin and Turnock (1975, p. 335) 
estimated metamorphic pressures of 1-5 kb at Perrault Falls 
(based on the stability of muscovite and quartz). Their 
pressures may be restricted further to 4-5 kb. 
In the Ear Falls and Manitou Falls areas, cordierite-
garnet geobarometry generally yielded pressures of 5-7.5 kb . 
The metamorphic grade was relatively low at Camping Lake, 
increased to the southwest, and peaked between Oak and 
Goose Lakes. Locally, late plutons have retrograded rocks 
to lower greenschist facies conditions (Fig. 30) . 
• 
• 
• 
• 
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CHAPTER 5 
THE METAMORPHIC GEOLOGY OF THE 
BIRD RIVER AREA, MANITOBA 
Introduction 
The fourth study area is located approximately 200 km 
northeast of Winnipeg in the Archean Bird River greenstone 
belt (Fig. 33). The area is situated between the North and 
South Domains of the English River Subprovince and is an 
important mining district for beryllium, cesium, chromium, 
cobalt, copper, gallium, lithium, nickel, rubidium, tanta-
lum, and tin (Trueman & Turnock 1982, _p. 1). The Bird 
River greenstone belt has been subdivided into six supra-
crustal formations and three groups of intrusives (Table 
9). The sample locations of this study are shown in 
Figure 34 . 
At least four metamorphic events have affected the Bird 
River greenstone belt (Table 9). Evidence of the first 
event (M1 ) has been mostly destroyed by the prominent 
regional second event (M2) and only subtle M1 foliations 
can be seen in garnets and biotites (Trueman & Turnock 1982, 
p. 9; Cerny et al. 1981, pp. 135-138). The prominent second 
metamorphic event produced granulites near Werner Lake, 
Ontario and greenschist to amphibolite facies rocks in 
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Fig. 33. A general geologic map of the Bird River 
greenstone belt, Manitoba. Modified after Trueman and 
Turnock 1982, p. 10. 
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TABLE 9 
RELATIVE AGES OF DEPOSITIONAL AND METAMORPHIC EVENTS IN THE BIRD RIVER 
GREENSTONE BELT (MODIFIED AFTER TRUEMAN AND TURNOCK 1982) 
Formation 
Booster Lake 
Flanders Lake 
Bernie Lake 
Peterson Creek 
Lamprey Falls 
Eaglenest Lake 
Lithologies 
Pegmatites 
Lac du Bonnet 
quartz monzonite 
Maskwa, Marijane 
Lake batholiths 
Metagraywackes 
UNCONFORMITY 
Metaconglomerates 
UNCONFORMITY 
Reworked metavolcanics, 
gabbro, diorite, granodiorite 
UNCONFORMITY 
Metarhyolite 
Metabasalt, Bird River Sills, 
gabbro 
Metavolcanics 
Metamorphic 
Event 
M4 (Local) 
& Faulting 
M3 (Local) 
& Faulting 
M2 (Prominent 
Regional) 
Ml (Regional) 
Age 
Farquharson 
1975 Rb-Sr whole 
2680 ± 91 my 
Sample 
Numbers 
Bl-2 
BL17, 18 
BLl-10 
BLll-14 
BL16, B3-6 
BL15 
• 
t-' 
J:'-
v, 
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Fig. 34. A metamorphic and sample location map for the 
Bird River greenstone belt, Manitoba. Thin sec,tions were 
made of 25 samples from this area. Modified after Cerny 
et al. 1981, p. 135. 
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Manitoba (Fig. 34). The last two metamorphic events (M3 and 
M4) were very localized and retrograded rocks to greenschist 
facies conditions around the major east-west and northwest-
trending faults (Trueman & Turnock 1982, p. 9; Fig. 33; 
Table 9) . 
Previous Work 
Numerous papers have been published on the geology of 
the area: Tyrell (1900), Mccann (1921), Cooke (1922), 
Wright (1926, 1932), Bateman (1945), Osborne (1949), Davies 
(1952, 1955, 1956, 1957), Davies, et al. (1962), Wright 
(1963), Gait (1964), Trueman (1970, 1971, 1980), Karup-
M¢1ler and Brunnner (1971), Ritchie (1972), Coates et al. 
(1979) and others. Most of the papers deal with economic 
geology and mining. The first published geological study 
for this greenstone belt was done by Tyrell in 1900. 
Between 1913 and 1920 nickel-copper sulfides were discovered 
in the area (Trueman & Turnock 1982, p. 1). Regional map-
ping was performed by Cooke (1922) and Wright (1926, 1932). 
Chromite ores were found in gabbros in the 1940's (Trueman 
& Turnock 1982, p. 1). Trueman (1971) and Lamb (1973) 
conducted studies of geologic structures in the area. 
Geochronology has been done by Penner (1970), Penner and 
Clark (1971), and Farquharson (1975). The metamorphic 
geology is discussed in Trueman (1980). 
Metamorphic Geology of the Bird River 
Greenstones and Manigotagan Gneisses 
V Cerny et al. (1981) and Trueman and Turnock (1982) 
• 
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briefly discussed the metamorphic geology of the Bird River 
greenstones and the Manigotagan gneisses at Werner Lake, 
v Ontario (Fig. 34). Cerny et al. (1981, pp. 136-137) 
reported granulites in the Manigotagan Gneiss Belt with the 
following assemblage (Fig. 34): 
Quartz+ Plagioclase + K-feldspar ± Orthopyroxene ± 
Diopside ±Hornblende± Biotite 
V 
The Bird River Greenstone Belt, 
Manitoba Border Area 
Cerny et al. (1981), p. 135, plotted two pelitic iso-
grads near the Manitoba-Ontario border (Fig. 34). The 
andalusite-sillimanite isograd was plotted on the basis of 
only one sillimanite and one andalusite sample. The second 
isograd is based on the presence of granitic leucosome in 
the Flanders Lake Formation, the appearance of K-feldspar 
and the disappearance of muscovite. Eight samples were 
collected near the Manitoba-Ontario border in this study 
(BLl-8; Fig. 34). The rocks are amphibolite facies gray-
wackes and contain: 
Quartz+ Plagioclase + Biotite + Blue-Green Hornblende 
± Microcline ± Sphene ±Calcite± Epidote 
No migmatitic leucosome, muscovite or Al 2Si05 were 
found. The rocks are too aluminum-poor to correspond to the 
pelitic isograds and are best explained by this reaction: 
35) Biotite + Plagioclase +Quartz= 
Hornblende+ K-feldspar + Sphene 
(Winkler 1979, p. 322) 
• 
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According to Winkler (1979), this reaction occurs at 
minimum anatectic conditions or at roughly the same 
pressure-temperature conditions as the two pelitic isograds 
(Fig. 35). However, the absence of leucosome and clinopyr-
oxene after hornblende in the eight samples suggests that 
the metamorphic conditions may have been lower. 
Muscovite-Bearing Samples from the 
Flanders Lake Formation 
Two greenschists (BL9 & 10) from the Flanders Lake 
Formation were collected about 3 km northeast of Booster 
Lake on Road 315 (Table 9; Fig. 34). The samples are lower 
grade than BLl-8 and have the assemblage: 
Quartz+ Plagioclase + Biotite ±Apatite± Secondary 
Muscovite± Secondary Chlorite 
The muscovite either formed with secondary quartz veins or 
from the retrogradation of biotite. The absence of horn-
blende, microcline, and sphene indicates that metamorphic 
grade was not high enough for amphibole to form by reaction 
35. The formation of retrograde chlorite and muscovite 
from biotite may have been due to the localized M3 or M4 
events. 
The Bernie Lake Formation 
Samples BLll and BL12A are muscovite schists that out-
crop about 2 km north of Booster Lake (Table 9; Fig. 34). 
The rocks are members of the Bernie Lake Formation and 
probably represent elastic sediments developed from felsic 
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Fig. 35. Metamorphic pressure and temperature condi-
tions for samples BLl-8 from the Flanders Lake Formation, 
Bird River greenstone belt, Manitoba. Dashed horizontal 
lines indicate less probable pressures and temperatures than 
the continuous horizontal lines. Figure 34 shows the sample 
locations. 
Reactions 
Chl-out: Liou et al. 1974 
Al 2Si05 triple point: Holdaway 1971 
All other reactions are from Winkler 1979, pp. 208, 
243, 247: 
Minimum Granitic Melting Curve 
Horn-in 
Muscovite+ Quartz= K-feldspar + Al 2Si05 
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to intermediate volcanics (Trueman & Turnock 1982, pp. 4-5). 
The metamorphic grade is about the same as BL9 and 10: 
upper greenschist or lower amphibolite facies. However, 
BLll and 12A are relatively rich in aluminum and contain: 
Quartz+ Plagioclase +Muscovite+ Biotite +Garnet+ 
Opaques± Apatite± Retrograde Chlorite 
Sample BLll has undergone at least two metamorphic 
events, probably M1 and M2 (Table 9). The rock is strongly 
foliated with elongated, broken, and partly chloritized 
garnets. The second sample, BL12A, contains well-developed 
and often euhedral almandine-spessartine garnets with num-
erous quartz inclusions. The inclusions form Z- or S-shaped 
textures, which were probably produced by garnet rotation 
during M2 metamorphism (Hyndman 1972, p. 253) . 
The manganese-rich composition of the garnets in BL12A 
yield unreasonable geothermobarometry results. The Ferry 
and Spear (1981) biotite-garnet geothermometer gave unlikely 
temperatures near 800°C. Miyashiro (1973, p. 215), however, 
states that spessartine can form in pelites at temperatures 
as low as 400°C. The garnet-muscovite-plagioclase-biotite 
geobarometer, used by Hodges and Spear (1982, pp. 1125-
1126; Appendix A), was unsuccessful with BL12A. The high 
Mn+ Ca/Mn+ Ca+ Fe+ Mg values of the garnets gave 
spurious results of more than 150 kb. The common occur-
rence of andalusite in nearby outcrops {B3-6) indicates that 
metamorphic pressures were probably less than 4 kb. The 
• 
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metamorphic conditions for samples BLll and 12A are sum-
marized in Figure 36 . 
Andalusite-Garnet Schists 
Andalusite-garnet schists (samples B3-6) from the 
Bernie Lake Formation outcrop 3-4 km northwest of Booster 
Lake (Table 9, Fig. 34). In the outcrops, andalusites com-
monly surround the garnets and chiastolite crosses are 
occasionally present. The rocks probably formed at the same 
pressure and temperature conditions as BL11-12A, since the 
metamorphic assemblage is about the same: 
Quartz+ Plagioclase +Muscovite+ Biotite +Garnet± 
Andalusite ± Sphene 
The presence of andalusite indicates that the bulk composi-
tion of samples B3-6 is richer in aluminum than BL11-12A. 
The metamorphic conditions for samples B3-6 are summarized 
in Figure 36 . 
Cordierite Schists from the 
Booster Lake Formation 
Cordierite schists outcrop approximately 2 km to the 
south of the andalusite-garnet schists and on the south side 
of an east-west fault (Fig. 34, Table 9). The rocks are 
elastic metavolcanics from the Booster Lake Formation and 
contain: 
Quartz+ Plagioclase + Biotite ±Muscovite± Cordierite 
Low metamorphic pressures and a high Al/Mg+ Fe bulk composi-
tion produced cordierite rather than garnet (Harris 1976, 
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Fig. 36. Metamorphic temperature and pressure condi-
tions for samples B3-6 (Bernie Lake Formation), BL9-10 
(Flanders Lake Formation) and BLll-12 (Bernie Lake Formation) 
from the Bird River greenstone belt, Manitoba. The 
reactions are the same as those used in Figure 35. 
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p. 95; Martignole & Sisi 1981, p. 39). Metamorphic condi-
tions are summarized in Figure 37. 
Metabasites at Bird River 
Samples BL13-15 were collected near the Bird River 
Bridge (Fig. 34). The rocks are probably elastic deriva-
tives of mafic volcanics and belong to the Lamprey Falls and 
Bernie Lake Formations (Table 9). Many of the samples 
contain carbonate layers, which could be primary. Metamor-
phosed intermediate to mafic intrusives are also present in 
the area . 
The mineralogy of the samples indicates that the meta-
morphic grade increases from upper greenschist to 
amphibolite facies from samples location BL13 west to BL15 
(Fig. 34). Sample BL13 is a greenschist from the Bernie 
Lake Formation and contains: 
Quartz+ Plagioclase + Biotite + Chlorite (prograde ?) 
+ Actinolite +Calcite+ Muscovite (prograde ?). 
Figure 38 shows the metamorphic pressures and temperatures 
for the assemblage. Pressures are difficult to estimate, 
but were probably under 4 kb because of the presence of 
andalusite in neighboring schists. Minimum metamorphic 
temperatures can be estimated on the formation of biotite, 
which generally develops around 400-450°C (Brown 1975, p. 
270; Chatterjee 1971; Ernst 1963; Nielsen 1978, p. 118; 
Miyashiro 1975, p. 210; Westerman 1978, pp. 212-213, 220; 
Winkler 1979, pp. 212-213). The upper temperature limits 
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Fig. 37. Metamorphic pressure and temperature condi-
tions for samples Bl-2 from the Booster Lake Formation in 
the Bird River greenstone belt, Manitoba. 
Reactions 
Al 2Si05 triple point: Holdaway 1971 
Almandine-in reactions: Winkler 1979, p. 243 
Muscovite+ Chlorite +Quartz= 
Cordierite + Biotite + Vapor 
(Schreyer & Seifert 1969) 
Granite Minimum: Tuttle & Bowen 1958; Merrill et al. 
1970; Winkler 1979. 
Cordierite + Orthopyroxene-in reactions: Grant 1973, 
p. 309; Westerman 1978, p. 140. 
Annite-out reactions: Eugster & Wanes (1962) 
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Fig. 38. Metamorphic pressure and temperature condi-
tions for samples BL13 (Bernie Lake Formation) and BLlSA, 
C, D (Lamprey Falls Formation) from the Bird River 
greenstone belt. 
Reactions 
Chl-out: Liou et al. 1974 
Ep-out: Abbott 1982 
All other reactions are from Winkler 1979 
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are estimated by the stability of actinolite and chlorite, 
which break down at 475-575°C, depending on pressure and 
fugacity of fluids (Liou et al. 1974, pp. 617-620; Harte & 
Graham 1975, p. 366; Spear 1981, p. 724) (Fig. 38). 
Four samples from the Lamprey Falls Formation were 
collected at the Bird River Bridge (BLlSA-D, Fig. 34). Most 
of them consist of a mixture of metabasite and marble. The 
following metamorphic assemblage is common: 
Quartz+ Calcite+ Tremolite-Actinolite (prograde or 
retrograde)± Anthophyllite ± Cummingtonite ± Pigeonite 
± Diopside ± Biotite ± Muscovite (prograde or retro-
grade)± Epidote-Zoisite-Clinozoisite (prograde or 
retrograde)± Microcline ± Plagioclase ± Apartite ± 
Sphene 
The assemblage is typical for amphibolite facies condi-
tions and the mineralogy appears to be very dependent on 
Xco2 (Turner 1981, p. 209; Winkler 1979, Chap. 9). For 
example, BLlSA contains the greenschist facies assemblage: 
Quartz+ Calcite+ Chlorite (prograde ?) + K-Feldspar + 
Tremolite 
Sample BL15C, from the same outcrop as BLlSA, was 
probably metamorphosed at higher temperatures, perhaps 
through contact metamorphism from nearby diabase dikes, and 
contains: 
Quartz+ Calcite+ Epidote-Zoisite-Clinozoisite + 
Clinopyroxene (Pigeonite [relict volcanic 
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phenocrysts ?] , Diopside and perhaps relict volcanic 
augite)+ Biotite + Muscovite (prograde ?) + Tremolite 
(retrograde?)+ Chlorite (retrograde?)+ Cummingto-
nite + Plagioclase + Apatite 
Calcic plagioclase coexists with calcite. Therefore, the 
following reaction never occurred: 
36) Calcite+ Anorthite + H2o = Zoisite + co 2 
(Winkler 1979, p. 114) 
Pigeonite is a common volcanic pyroxene (Heinrich 1965, p. 
228) and may be relict in BLlSC. Diopside probably 
developed from: 
37) Tremolite +Calcite+ Quartz= 
Diopside +CO2 + H20 
(Winkler 1979, p. 114) 
In some cases, reaction 37 may have been reversed through 
retrograde metamorphism . 
Figures 38 and 39 show the metamorphic Xco 2 , pressure, 
and temperature conditions for the samples at outcrop BLlS. 
The most probable metamorphic conditions for BLlSC are 525-
6000C at 4-6 kb and XH2o ~ 0.9. 
Sample BL15D is relatively rich in iron. The miner-
alogy is essentially the same as BLlSC: 
Quartz+ Calcite+ Epidote-Zoisite-Clinozoisite + 
Cli~opyroxene (Volcanic [?] Pigeonite, Metamorphic 
Diopside-Hedenbergite) + Actinolite (retrograde?)+ 
Microcline + Plagioclase + Sphene + Chlorite (retro-
grade)+ Biotite (rare) 
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Fig. 39. Metamorphic Xco , pressure, and temperature 
conditions for samples BL13 and BLlSA, C, D. The arrows on 
reaction 37 (see text) show the effects of FeO substitution 
for MgO. In most cases, the change in temperature will 
only be 10-20°C (Thompson 1975). Figure 34 shows the sample 
locations. 
Reactions 
Biotite + Muscovite-in/Stilpnomelane + Muscovite-out 
(Winkler 1979, pp. 219-220, 243) 
Max.-Chl-out: Liou et al. 1974, pp. 617-620 
Reactions 36 and 37 from the text 
Horn-in: Winkler 1979, p. 243 
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The coexistence of calcite and calcic plagioclase indicates 
that the sample formed under metamorphic conditions similar 
to BL15C. Retrograde actinolite and prograde diopside-
hedenbergite probably formed through the iron-bearing 
equivalent of reaction 37: 
38) Actinolite +Calcite+ Quartz= 
Diopside-Hedenbergite + co2 + H2o 
The metamorphic conditions for sample BL15D are shown in 
Figures 38 and 39. 
Metasediments Near The Tanco Mine 
Several samples were collected 3-4 km west of the Tanco 
Mine and are probably from the Booster Lake Formation (Fig. 
34, Table 9). The samples contain: 
Quartz+ Plagioclase + Biotite ± Chlorite (retrograde) 
± Muscovite (retrograde and prograde ?) ± Cordierite? 
± Garnet 
Porphyroblasts. possibly once cordierite, have been 
retrograded to chlorite and muscovite in samples BL17A and 
BL18A. The metamorphic conditions for the two samples are 
surmnarized in Figure 40. The possible presence of cordi-
erite, prograde muscovite, quartz and the absence of 
anatectic melting suggests that temperature conditions were 
500-600°C before retrograde metamorphism. Pressure condi-
tions are difficult to estimate, but they were probably at 
3-6 kb like most of the other metasediments in the Bird 
River area. 
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Fig. 40. Metamorphic pressure and temperature condi-
tions for samples BL17A and 18A from the Tanco Mine, 
Manitoba. Figure 34 shows the location. The arrows show 
the effects of retrograde metamorphism. 
Reactions 
Muscovite+ Quartz= K-Feldspar + Al2Si05 + Melt 
(Holdaway & Lee 1977; PH20 = Ptotal) 
All other reactions are the same as those in Figure 37. 
Legend 
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Summary 
A brief survey was conducted on the metamorphic geology 
of the Bird River greenstone belt, Manitoba. At least four 
V 
metamorphic events have affected the belt (Table 9; Cerny 
et al. 1981, pp. 135-138). Evidence of the first event (M1 ) 
has been mostly destroyed by the prominent regional second 
event (M2) and only subtle M1 foliations can be seen in 
garnets and biotite (Trueman & Turnock 1982, p. 9). In 
general, the pelites, graywackes, and volcanics of the belt 
have been metamorphosed at upper greenschist to upper 
amphibolite facies conditions during the M2 event. The 
metamorphic grade is highest at the Manitoba-Ontario border 
(upper amphibolite facies) and decreases to the west (green-
schist facies) (Fig. 34). Near the Bird River Bridge, the 
metamorphic grade increases from upper greenschist to middle 
amphibolite facies conditions. The metamorphic grade 
remains at amphibolite facies conditions westward to the 
Tanco Mine and drops off into the greenschist facies near 
Lac du Bonnet (Fig. 34). The last two metamorphic events 
(M3 and M4) were very localized and retrograded rocks to 
greenschist facies conditions around major east-west and 
northwest-trending faults (Trueman & Turnock 1982, p. 9; 
Fig. 34; Table 9). 
The common occurrence of andalusite in the pelites 
suggests that metamorphic pressures did not exceed 4 kb in 
most of the belt. Metamorphic temperatures were usually 
450-600°C and were estimated from metamorphic assemblages . 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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Geothermobarometry failed to provide meaningful results 
because of spessartine garnets and retrograded cordierites . 
Carbonate-rich metabasites at the Bird River Bridge may have 
had Xco2 values that exceeded 0.15 during M2 metamorphism. 
Most of the other rocks in the belt were probably metamor-
phosed at Pfluid = PH 0 . 2 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
CHAPTER 6 
APPLICATIONS OF THE PRESSURE 
AND TEMPERATURE DATA 
Introduction 
Figures 41 and 42 sunnnarize the prograde metamorphic 
pressures and temperatures for northwestern Ontario . 
Tectonic models for the formation of the Uchi, English 
River, and Wabigoon subprovinces can be derived from the 
pressure and temperature data, along with geophysical and 
structural information from other studies. The following 
guidelines are used to derive tectonic models: 
1. Geophysical data and some field observations sug-
gest that the Wabigoon and Uchi greenstones were 
deposited on top of a sialic basement (Beakhouse 
1977, pp. 1485-1488; Gorman et al. 1978, pp. 23, 
27-28; Grant et al. 1965, p. 424; Langford & Morin 
1976, p. 1029; Westerman 1978, p. 230). The base-
ment was tonalitic gneiss that had undergone 
several deformational and metamorphic events 
prior to 3000 million years ago (Krogh et al. 
1976, p. 1213; Westerman 1978, p. 231) . 
2. No blueschists, ophiolites, or eclogites have been 
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Fig. 41. General prograde metamorphic temperatures for 
the Wabigoon, English River and Uchi Subprovinces of north-
western Ontario. Modified after Breaks et al. 1978a. The 
data in the figure were taken from this study, Westerman 
1978, Harris 1976, Skinner 1969, Breaks et al. 1978a, Cerny 
et al. 1981, Harris and Goodwin 1976, Thurston and Breaks 
1978 and Sage and Breaks 1982. 
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Fig. 42. General metamorphic pressures for the 
Wabigoon, English River, and Uchi Subprovinces of north-
western Ontario. Modified after Breaks et al. 1978. The 
references for this data are the same as those for Figure 
41. 
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found in any of the subprovinces (Langford & Morin 
1976, p. 1031; Goodwin 1981, p. 58) . 
3. Radiometric dates indicate that the Wabigoon supra-
crustals formed between 2700 and 2750 million years 
ago (Krogh & Davis 1971; Hart & Davis 1969; 
Langford & Morin 1976, p. 1028). 
4. The greenstones of the Wabigoon Subprovince were 
probably metamorphosed at 350-550°C and 3-5 kb at 
Savant Lake and 550-700°C at 5-6 kb near Vermilion 
Bay (Chap. 2, 4). 
5. A fault separates the Wabigoon and English River 
Subprovinces. Structural relationships indicate 
that the fault was active before and during the 
emplacement of sodic and potassic plutons 
(Westerman 1978, p. 238; Breaks et al. 1978a, p. 
33). 
6. The South Domain contains granitoid gneisses (> 3008 
± 40 my), sodic plutons 2700- > 3008 ± 40 my), 
potassic plutons (around 2652 my), late granites 
and pegmatites (~ 2560 ± 40 my), and minor amounts 
of supracrustals (Breaks et al. 1978a, pp. 24-31; 
Krogh et al. 1976) . 
7. The rocks of the English River Subprovince have 
been metamorphosed to upper-amphibolite facies 
conditions for paragneisses and granulite facies 
conditions for orthogneisses. Metamorphic condi-
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tions were probably 650-750°C at 4-7.5 kb (Chap. 
e 3, 4). 
• 
• 
8. Metabasites are rare in the English River Subprovince 
(Breaks et al. 1978a, pp. 4-5; Breaks et al. 1978b). 
9. Both the North and South Domains of the English 
River Subprovince have been intruded by late 
granites (Breaks et al. 1978b). 
10. The Twilight Paragneisses, a minor unit in the 
South Domain, may correlate stratigraphically with 
the paragneisses of the North Domain (Westerman 
• 1978, p. 233). 
11. The Separation Lake metabasites separate the North 
and South Domains. The metabasites are 6-13 km 
• wide and can be traced discontinuously from the Bird 
River greenstone belt, Manitoba eastward 176 km to 
Lac Seul (Breaks et al. 1978a, p. 31; Westerman 
e 1978, p. 232). 
• 
• 
• 
• 
12. The north and south width of the cropping out North 
Domain paragneisses varies from 1.5 to 51.2 km . 
The nearly vertical gneissic banding may represent 
relict bedding (Beakhouse 1977, p. 1482; Harris & 
Goodwin 1976, p. 1207) . 
13. The partial melting of the paragneisses was 
probably due to anatexis (Breaks et al. 1978a, pp. 
13 ff) . 
• 
• 
• 
• 
14. 
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The protolith for the North Domain paragneisses 
was mostly composed of erosional material from 
intermediate plutons of the South Domain and 
tholeiitic basalts of the Uchi and Wabigoon Sub-
provinces (Breaks et al. 1978a, p. 23). Radio-
metric dating and structural relationships indicate 
that the sediments were deposited in the North 
Domain 2760-2960 million years ago (Krogh et al . 
1976, p. 1215; Thurston & Breaks 1978, p. 49). 
15. The migmatization of the North Domain sediments 
I 
• and the intrusion of the potassic plutons have 
radiometric dates of 2681 ± 20 million years (Krogh 
et al. 1976, p. 1215; Breaks et al. 1978a, p. 31). 
• 
• 
• 
16. Tonalitic gneisses and potassic plutons are rare 
in the North Domain, but sodic plutons are very. 
common (Breaks et al. 1978a, pp. 4-5). 
17. The North Domain was an Archean sedimentary basin . 
Geophysical and structural data indicate that the 
sedimentation and subsidence of the basin was 
probably accompanied by the removal of material 
from the base of the lower crust, perhaps by 
partial melting (Beakhouse 1977, pp. 1487-1488; 
• Hall & Brisbin 1982, pp. 2054-2055). 
• 
• 
18. Banded iron is present at the contact of the Uchi 
and English River Subprovinces along Highway 105 . 
The banded iron probably formed in volcanic envi-
ronments (Langford & Morin 1976, p. 1030) . 
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19. The fault between the Uchi and English River 
• Subprovinces is right-lateral strike-slip and, 
according to structural studies, was probably 
active after the intrusion of potassic plutons 
• 
• 
• 
• 
• 
• 
• 
• 
• 
(Westerman 1978, p. 238; Breaks et al. 1978a, p. 
33). 
20. The Uchi volcanics and sediments have been dated 
at 2740-2960 million years (Krogh & Davis 1971; 
Thurston & Breaks 1978, p. 50). 
21. The Uchi Subprovince greenstones were generally 
metamorphosed at 350-550°C and probably 3-6 kb 
(Chap. 2). 
Two tectonic models are proposed to explain the 
origins of the subprovinces of northwestern Ontario and 
southeastern Manitoba. A nonsubduction model assumes that 
Archean plates were too thin and hot to be subducted. The 
other model includes subducting plates and is based on the 
work of Langford and Morin (1976). Both models are highly 
simplified and were derived from data collected along the 
Red Lake Road (Highway 105). By adding faults, the models 
can be adapted to explain the geology in the Savant Lake-
Central Patricia area. The English River Subprovince 
portions of the models are used to interpret the develop-
ment of the Bird River greenstone belt, Manitoba and the 
Vermilion River road area, Ontario . 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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Plate Tectonics in the Archean? 
The existence of plate tectonics in the Archean is still 
a debated issue. Windley (1976), McCall (1977) and Condie 
(1976) discuss various plate tectonic and non-plate tectonic 
models. 
Glikson (1976) argues against Archean plate tectonics 
and states that the general shape and chemistry of Archean 
greenstone belts are unlike modern island arcs. Tholeiites 
in island arcs are generally rich in aluminum, while green-
stone tholeiites may have three times as much nickel, 
chromium and cobalt. 
Eclogites, blueschists, ophiolites and kyanite schists 
are common in Phanerozoic subduction zones, but are rare in 
the Archean. Goodwin (1981, pp. 58, 61) suggests that modern 
subduction processes did not occur in the Archean and, per-
haps, no subduction occurred at all. Therefore, the Archean 
crust is interpreted to have been a series of justling and 
colliding microplates with little or no subduction. 
Plate tectonicists, e.g. Burke et al. (1976) and 
Langford and Morin (1976), find that subducting plate models 
solve a lot of problems associated with Archeansubprovinces, 
e.g.: 
1. The development of 40-60 km of crust during the 
Kenoran O~ogeny without substantial underplating 
(Langford & Morin 1976, p. 1032) . 
2. The compression and subsidence of the North Domain 
of the English River Subprovince . 
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3. The generally continuous and linear shape of 
e volcanogenic greenstone belts can be explained by 
the subducting and partial melting of an 
extensive plate. 
• 
• 
• 
• 
• 
• 
• 
• 
• 
Burke et al. (1976) argue that thick crusts could have 
developed by 2500-300~ million years ago. The sialic and 
complex nature of the 3800 million year old Amitsoq gneiss 
is cited as evidence of early well-developed crusts. They 
state that Archean crusts were smaller in area, more 
numerous, and nearly as thick as modern crusts. Faster 
ridge spreading and/or longer ridges could have dissipated 
the energy created by high Archean geothermal gradients. 
The problem of the absence of eclogites, blueschists, and 
ophiolites in the Archean is dismissed as unrecognized in 
the field, altered to metabasites; or not cropping out. 
A Non-Subduction Model for the Development 
of the Uchi, English River and 
Wabigoon Subprovinces 
Introduction 
A series of sketches depicting the non-subduction 
model is shown in Figures 43-47. The model assumes that no 
subduction of the crust occurred during the late Archean . 
Development of the Uchi, English River, 
and Wabigoon Subprovinces: 
2960 Million Years Ago 
Figure 43 illustrates the tectonic situation approxi-
mately 2960 million years ago. Geophysical and field data 
indicates that a well-developed intermediate crust existed 
182 
Fig. 43. A non-subduction model for the Uchi, English 
River and Wabigoon Subprovinces, northwestern Ontario, at 
approximately 2960 million years ago. The model is based 
on the geology along the Red Lake road. 
Mafic volcanics are erupting onto a sialic crust. The 
volcanics are eroded and the debris is deposited in the 
North Domain. 
Legend 
U\ Sialic crust and sodic plutons 
A, W Mafic plutons and volcanics 
Fig. 44. The non-subduction model at 2680-2960 
million years ago. 
Sodic plutons intrude all of the subprovinces, except 
for parts of the North Domain. Material is removed from 
the lower crust of the North Domain, perhaps by convection 
currents in the mantle. Sediments in the North Domain 
subside. Strike-slip faults between the English River and 
Wabigoon Subprovinces are active. 
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Fig. 45. The non-subduction model during the Kenoran 
Orogeny (2681 ± 20 million yeras ago). 
The North Domain sediments are migmatized and potassic 
plutons intrude into the South Domain. The North Domain 
basin continues to subside. Strike-slip faults between the 
Uchi and English River Subprovinces are probably active. 
Arrows indicate subsidence from the removal of partial 
melts in the lower crust and compression from plutons 
surrounding the basic. 
Legend 
U\ Sialic crust including solidified sodic plutons 
1/1 Volcanics 
X Potassic Plutons 
I Fault 
Fig. 46. The non-subduction model at 2500-2600 
million years ago. 
Late granites intrude the area. Minor fault movements 
occur. The area is eventually uplifted and eroded. 
Legend 
Rt Sialic crust including solidified sodic and potassic 
plutons 
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Fig. 47. A cross-section of the Red Lake road area 
today. 
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at this time (Grant et al. 1965, p. 424; Langford & Morin 
1976, p. 1029). Sodic tonalitic gneisses and older gneissic 
granitoids, which outcrop in the South Domain, may have been 
part of this early crust. Krogh et al. (1976, p. 1213) 
dated a sodic tonalite at a minimum of 3040±40 million 
years. Complex structures and amphibolite xenoliths within 
the gneissic granitoids suggest multiple deformational 
events prior to 3000 million years ago . 
Radiometric dating of the Wabigoon and Uchi volcanics 
provide eruption dates of 2740-2960 million years (Nunes & 
Thurston 1978). The oldest volcanics are generally mafic 
and also may have formed in the South Domain, where possible 
erosional remnants of greenstone belts presently crop out . 
The Separation Lake metabasites and Bird River greenstones 
probably erupted in the South Domain near the North Domain 
sedimentary basin (Fig. 43). Shortly after the eruptions • 
some of the volcanics and intermediate plutons of the Uchi, 
Wabigoon and South Domain were eroded and deposited in the 
North Domain. Krogh et al. (1976, pp. 1214-1215) estimated 
the youngest age of the North Domain sediments to be 2760 
million years based on U-Pb dating of detrital zircons. If 
the dates of the zircons had been partially reset by meta-
morphism, the youngest possible sedimentation date would 
become 2681 ± 20 million years or the age of the migmatiza-
tion of the sediments. Geochemical studies by Breaks et al . 
(1978a, p. 23), confirm that the North Domain sediments 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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mostly developed from the erosional debris of tholeiitic 
basalts and intermediate plutons . 
2680-2960 Million Years Ago 
Sodic plutons intruded the subprovinces from 2680 to 
more than 3040 million years ago (Breaks et al. 1978a, pp. 
24, 31; Fig. 44). Seismic data indicate that material was 
removed from the lower crust of the North Domain, perhaps 
from convective currents in the mantle (Beakhouse 1977, 
pp. 1486-1488; Langford & Morin 1976, p. 1029; Fig. 44). 
At least part of the sodic magmas could have developed from 
the partial melting and removal of material from this lower 
crust. In addition, the depleting of the lower crust may 
have caused the subsidence of sediments in the North Domain 
basin (Beakhouse 1977, p. 1488). 
The sodic plutons intruded into all of the subprovinces 
(Fig. 44). However, for unknown reason(s), parts of the 
North Domain were left unaffected. The rising of plutons 
in the areas surrounding the North Domain, as well as sub-
sidence of the basin sediments, could have deformed the 
domain into a syncline (Fig. 44). 
The Wabigoon-English River right-lateral strike-slip 
faults were probably active at this time (Westerman 1978, 
p. 238; Breaks et al. 1978a, p. 33; Fig. 41). If the 
rocks on both sides of the faults at Vermilion Bay formed 
in the same metamorphic event, the vertical displacement of 
the faults can be estimated from metamorphic temperature 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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and pressure changes across the faults. At Vermilion Bay, 
the Wabigoon metamorphites formed at slightly higher pres-
sures and temperatures (550-700°C at 4-6 kb) than the South 
Domain's amphibolites (475-575°C at 3-6 kb?) and may 
indicate a small downward displacement on the south side of 
the faults. The vertical displacement of the Miniss River 
and Kasheowagama faults near Savant Lake could not be 
estimated because of the lack of supracrustals in the South 
Domain (Fig. 41). 
2681 ± 20 Million Years Ago: 
The Kenoran Orogeny 
The Kenoran Orogeny was the main metamorphic and 
deformational event that affected northwestern Ontario . 
During the orogeny, the North Domain sediments were migma-
tized and potassic intermediate plutons were intruded into 
the South Domain (Fig. 45). Krogh et al. (1976, p. 1215) 
dated the migmatization at 2681 ± 20 million years. The 
potassic plutons are very rare in the North Domain and may 
have surrounded and compressed the North Domain into a 
basin (Fig. 45). In addition, the partial melting and 
removal of material from the lower crust of the North 
Domain may have continued and contributed to the formation 
of potassic magmas and further subsidence of the basin. 
During the orogeny, fault systems developed between the 
English River and Uchi Subprovinces (Westerman 1978, p. 238; 
Breaks et al. 1978a, p. 33; Fig. 41, 45). The faults are 
now right-lateral strike-slip and could have been initiated 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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by the intrusion of the potassic plutons and/or density 
differences between the mafic Uchi and sialic North Domain . 
The metamorphic grade across the faults varies considerably. 
Stone (1977) found abrupt changes (medium to high grade) 
along the Sydney Lake Fault zone (Fig. 41). South of Lake 
St. Joseph, the changes range from small across the Lake 
St. Joseph Fault zone to large (greenschist to migmatites) 
along the Pashkokogan Lake Fault system (Thurston & Breaks 
1978, pp. 52-53). Therefore, the vertical displacement of 
the faults vary significantly over short distances. 
Figure 48 may be used to derive an average geothermal 
gradient for the Kenoran Orogeny. The gradient averages 
around 35°C/km. However, this value may vary locally from 
30-45°C/km depending on heat flow and the presence of 
magmas. Along the Red Lake road (Highway 105), the geo-
thermal gradient would have been highest in the deep 
English River crust and lowest in the Uchi and Wabigoon 
greenstones (Fig. 45). In general, the greenschist facies 
would persist down to 13 kilometers. The amphibolite 
facies rocks would be located at depths of 13 to 18 
kilometers and the granulites would form below them. 
2600 Million Years Ago to the 
Present: Post-Orogenic 
Figures 46-47 show the geological developments after 
the Kenoran Orogeny. Late granites intruded all of the 
subprovinces at 2660 ± 20 to 2560 ± 40 million years ago 
(Krogh et al. 1976, pp. 1214-1215). The granites or minor 
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Fig. 48. An average estimation of the geothermal 
gradient for the Uchi, English River and Wabigoon Sub-
provinces during the Kenoran Orogeny. Pressure and 
temperature conditions for various lithologies are plotted. 
The average geothermal gradient was roughly 35°C/km with 
local variations of 30-45°C/km. 
Legend 
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continental drift may have produced further right-lateral 
displacements on the faults bordering the English River 
Subprovince. For the last 2500 million years, the area has 
been uplifted and eroded. Minor Keweenawan volcanism may 
have occurred (Sage & Breaks 1982, pp. 7, 194-195; Skinner 
1969, p. 7). Figure 47 depicts the geology along the Red 
Lake Road (Highway 105) today . 
A Plate Tectonics Model for the Development 
of the Uchi, En~lish River and 
Wabigoon Su provinces 
The plate tectonics model is modified after the work of 
Langford and Morin (1976; Fig. 49), who concluded that the 
rocks of northwestern Ontario are very similar to possible 
Cordilleran island arcs in western Canada. Both the 
Cordilleran island arcs and the subprovinces of northwestern 
Ontario consist of alternating belts of gneisses and low 
grade metavolcanics. Seismic studies indicate that the 
gneissic belts of both regions have shallower roots than 
neighboring greenstones (Hall & Hajnal 1968). 
Langford and Morin (1976, pp. 1026-1028) found the 
potassium, barium, zirconium, strontium, nickel, gallium, 
chromium, and' copper chemistry of the Wabigoon basalts to be 
very similar to those in Phanerozoic island arcs. Their con-
clusions are probable exceptions to Glikson's (1976, p. 
268) statement that nickel and chromium are much richer in 
Archean tholeiites than modern island arcs. Langford and 
Morin (1976) did not compare the A1 2o3 contents of the 
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Fig. 49. A plate tectonic island arc model for the 
development of the Uchi, English River and Wabigoon Sub-
provinces. Modified after Langford and Morin (1976). The 
God's Lake craton is equivalent to the Amisk, Sachigo and 
Windigo subprovinces of Figure 2. 
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Wabigoon and Cordilleran volcanics, but Glikson (1976, p. 
268) states that phanerozoic island arc tholeiites are 
usually much richer in aluminum. 
In northwestern Ontario, the east-west trending Uchi 
and Wabigoon greenstone belts are younger and have different 
structural trends than the Berens River-God's Lake Craton 
(Fig. 49). Therefore, the greenstones are inferred to have 
been island arcs that were welded onto the northwest-
southeast trending craton (Langford & Morin 1976, pp. 1024, 
1028; Ermanovics 1973; Fig. 49). Langford and Morin (1976, 
p. 1032) interpret the Kenoran Orogeny as a series of island 
arc collisions that developed into larger cratons. During 
this process, thousands of square kilometers of oceanic 
crust was subducted, partially melted and produced potassic 
plutons that intruded into the South Domain. In the North 
Domain, sediments sank and were migmatized. Volcanic 
eruptions were con:nnon in the greenstone belts (Fig. 49). 
There is one puzzling problem concerning the plate 
tectonics model--no blueschists (subduction zone meta-
morphism) or ophiolites (obducted oceanic crust or mantle) 
have been identified in northwestern Ontario. If the 
geothermal gradient was too high for blueschists to develop, 
the oceanic crust was probably too thin to be subducted 
(Goodwin 1981, p. 58). Langford and Morin (1976, pp. 1031-
1032) suggest that the blueschists were too metastable to 
survive nearly three billion years and that the ophiolites 
are stratigraphically too low to crop out in northwestern 
• 
• 
• 
• 
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Ontario. Furthermore, the right lateral strike-slip faults 
may represent old subduction zones, and subsequent movements 
could have destroyed the lithological and structural 
evidence for subduction . 
Summary of the Tectonic Models 
Neither model can completely describe the geology of 
northwestern Ontario. The non-subduction model (Fig. 43-
47) has difficulty explaining the continuous shape of the 
greenstone-gneiss belts, the compression and subsidence of 
the North Domain, and the lengthy strike-slip faults. The 
plate tectonic model (Fig. 49) can explain these problems, 
but there are no blueschists, eclogites, ophiolites, 
kyanite schists or other evidences of subduction in north-
western Ontario. Various hypotheses have been proposed to 
explain the absence, including: blueschist metastability, 
unrecognized samples in the field, no outcrops, and 
destruction by subsequent metamorphism, faulting, or 
erosion (Langford & Morin 1976, p. 1031; Burke et al. 1976, 
pp. 123-124). Overall, the plate tectonics model has the 
least number of problems. 
Conclusions on the Four Study Areas 
of Northwestern Ontario and 
Southeastern Manitoba 
The main purpose of this study was to summarize the 
metamorphic geology of northwestern Ontario. This goal was 
accomplished and the results are best summarized in Figures 
41-42 . 
• 
• 
• 
• 
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Several conclusions and suggestions for further 
research can be stated: 
1. In almost all cases, the changes in metamorphic 
grade along the traverses are gradual. Other 
workers have only found large changes in grade 
across major faults (Stone 1977, Thurston & Breaks 
1978). One curious exception may occur at Wegg 
Lake near Ear Falls, Ontario (Fig. 30), where 
greenschists are surrounded by migmatites. 
Detailed mapping may explain the large differences 
in metamorphic grade. The greenschists may have 
been metamorphosed and retrograded millions of 
years after the migmatization of the Kenoran 
• Orogeny. 
2. The biotite-garnet geothermometer and cordierite-
garnet geobarometer gave reasonable results as 
• long as the spessartine content of the garnets was 
low. The two feldspar geothermometer was used 
once and gave good resul.ts. The two pyroxene 
• 
• 
geothermom~ter and garnet-muscovite-plagioclase-
biotite geobarometer yielded unreasonable results. 
The analytical uncertainties associated with 
the geothermobarometers are high(± 50-130°C). 
However, in most cases, the phase equilibria 
suggest that the errors are overestimated and 
• should be lowered to± 50°C. 
3. The geothermobarometry and mineral assemblages 
• 
• 
• 
• 
• 
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indicate geothermal gradients for the Kenoran 
Orogeny at 35°C/km with local variations of 30-
450C/km. 
4. The metamorphic temperatures and pressures from 
this study and other information from the litera-
ture were used to derive two tectonic models. 
Neither model can completely describe the geology. 
Additional structural work and radiometric dating 
are needed to improve the models. 
5. Further geophysical research may improve the esti-
• mations on the thicknesses of the Uchi and Wabigoon 
• 
• 
• 
greenstone belts. Very few gravity measurements 
have been taken in the North Domain (Hall & Brisbin 
1982, p. 2054). Additional gravity work could 
reveal large plutons. The future geophysical 
results may modify or clarify the tectonic models. 
6. The plate-tectonics model explains many of the ob-
servations made in the four study areas. In order 
to further test the model, field investigators 
should seek structural evidence for subduction. 
Furthermore, detailed chemical and mineralogical 
studies may reveal the remains of ophiolites, 
• blueschists, and eclogites. 
7. Some of the North Domain migmatites may have formed 
from metasomatism, metamorphic differentiation or 
• injection rather than anatexis. The origin of the 
• 
• 199 
migmatites may be revealed through the following 
• 
studies (Hyndman 1972, pp. 292-294): 
A. Geothermometry. 
B. Chilled margins in the leucosomes, which 
• favors injection. 
• 
C. Relict textures. 
D. K/Rb and Ba/K ratios. If the ratios are high, 
this could indicate metamorphic differentia-
tion. 
E. The summing of the chemistries and volumes of 
e the leucosome and melasome, and comparing this 
data with the paleosome. Similar results would 
support metamorphic differentiation or anatexis, 
• while different values favor injection. 
• 
• 
• 
• 
• 
8. Hercynite was discovered in the migmatites south 
of Wilcox Lake (Fig. 30). Additional studies may 
reveal corundum, sapphirine, and other high-grade 
minerals, which may be useful in geothermometry 
(Harris et al. 1982, p. 515) . 
9. The signs of cordierites vary over short distances 
and, in some cases, within samples. The variation 
may be due to spacial differences in metamorphic 
H20/C02 . 
10. Primary carbonates may outcrop near Osnaburgh 
House, Ontario (Fig. 4, 5) and in the Bird River 
greenstone belt, Manitoba (Fig. 33, 34). Oxygen 
• 
• 
• 
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isotope studies may determine whether the carbon-
ates are primary . 
The carbonates in the two areas are associated 
with metabasites and Xco2 was generally less than 
0.15 during metamorphism (Fig. 17, 39). Meta-
morphic conditions estimated from the carbonate 
mineralogy usually agreed with results obtained 
e from nearby metabasites. 
• 
• 
• 
• 
• 
• 
• 
11. The mineralogies of all thin-sectioned samples and 
the microprobe results for selected minerals are 
listed in Appendix B . 
• 
• 
• 
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APPENDIX A 
EXPLANATIONS OF V~RIOUS GEOTHERMOBAROMETERS 
USED IN THIS STUDY 
Analytical Techniques 
All mineral analyses were performed with a JEOL JSM35C 
scanning electron microscope and a Tracor Northern TN-2000 
X-ray analyzer, which are located at the Geology Department 
of the University of North Dakota. The Bence and Albee 
(1968) technique was used to convert X-ray counts to weight 
percents. The accelerating potential, emission current, and 
beam current were 15 Kev, 100-140 µA and 0.0004 µA, 
respectively. In most cases, area scans were performed at 
1000-2000X (approx. 17000-3000 µm) for 30 seconds. Except 
f 11 · was assumed to be Fe+2 . or pyroxenes, a iron Standards 
were provided by Dexter Perkins III . 
Introduction to Geothermobarometry 
Three geothermometers (biotite-garnet, two feldspar and 
two pyroxene) and two geobarometers (garnet-cordierite and 
garnet-muscovite-plagioclase-biotite) were used in this 
study. Only the garnet-biotite and cordierite-garnet 
methods were used extensively. The two feldspar geother-
mometer gave reasonable results on a leucosome of a 
203 
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migmatized paragneiss (RL331). However, the two pyroxene 
geothermometer gave temperatures at least 400°C too high . 
The garnet-muscovite-plagioclase-biotite geobarometer was 
unsuccessful for Bird River pelites and estimated pressures 
at greater than 150 kb . 
The biotite-garnet geothermometer worked well as long 
as the garnets contained less than 0.1 Mn+ Ca/Mn+ Ca+ 
Mg+ Fe and the biotites less than 0.1 Mn+ Ti/Mn+ Ti+ 
Mg+ Fe. The geothermometers of Thompson (1976) and Ferry 
and Spear (1978) gave similar results in the 550-700°C 
range (Fig. 50) . 
Pressure estimates were obtained with the Martignole 
and Sisi (1981) cordierite-garnet geobarometer. The results 
are significantly affected by the amount of channel water 
in the cordierite. In some cases, channel water may extend 
the stability of magnesium cordierite by 2 kb (Martignole 
& Sisi 1981). In this study, varying the fluid content 
estimations of the cordierites from 0-2 weight percent 
changed most of the Mg/Mg+ Fe values by no more than 
0.0005 (Appendix B). 
Lenker (1981) determined that manganese in garnets 
could severely lower pressure estimations with the garnet-
cordierite geobarometer. He derived tables to eliminate the 
manganese effects., In this study, his tables failed to 
improve the results . 
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Fig. 50. A comparison of the temperature curves for 
the Thompson (1976) and Ferry and Spear (1978) biotite-
garnet geothermometers. Modified after Ferry and Spear 
1978, p. 115. 
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The Biotite-Garnet Geothermometer 
The biotite-garnet geothermometer is based on the 
+2 +2 
exchange of Mg and Fe between garnet and biotite: 
39) Phlogopite + Almandine = Annite + Pyrope 
The change in volume for the reaction is small because of 
the approximate size of the Mg+2 and Fe+2 radii. Therefore, 
the reaction is essentially pressure independent and temp-
erature dependent. Furthermore, the presence of fluids in 
biotites does not seem to affect the geothermometer (Ferry 
& Spear 1978, pp. 113, 116; Goldman & Albee 1977, p. 754). 
Thompson (1976), Goldman and Albee (1977), Ferry and 
Spear (1978), and others have tried to calibrate the geo-
thermometer . Goldman and Albee (1977) used natural samples 
and compared the Mg-Fe partioning with temperatures obtained 
from 18o;16o fractionation between quartz and magnetite. 
Thompson (1976) measured several ln Kn (Mg-Fe) biotite-
garnet values for outcrops in New England. Metamorphic 
temperatures for the outcrops were estimated independently 
with mineral assemblages and were compared with the ln Kn 
values (Fig. SO). Ferry and Spear (1978) used synthetic 
samples at 2.07 kb and 550-800°C. Their data fit the 
following formula (Fig. SO): 
40) -2109 ToK = ln Kn - 0.782 
where: 
T = Temperature (°K) 
Kn= Mg/FeGarnet/Mg/FeBiotite 
• 
• 
• 
• 
• 
• 
• 
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The Ferry and Spear (1978) geothermometer works reasonably 
well for medium grade rocks with garnets that contain less 
than 0.2 Ca+ Mn/Ca+ Mn + Fe + Mg and biotites with less 
than 0.15 Alvi + Ti/Alvi + Ti + Fe + Mg (Ferry & Spear 
1978, p. 117; Essene 1982, p . 165). Furthermore, for low 
grade rocks Fe+3 in biotite should be estimated and elim-
inated from the calculations. In this study, the Thompson 
(1976) and Ferry and Spear (1978) geothermometers gave 
similar and reasonable results for most migmatites. 
However, the lower amphibolite facies garnets were too rich 
in manganese and calcium to give reasonable temperatures . 
The Cordierite-Garnet Geobarometer 
The cordierite-garnet geobarometer is based on the 
reaction: 
41) 3 Fe, Mg Cordierite = 2 Almandine - Pyrope + 
4 Sillimanite + 5 Quartz± Fluids 
and a distribution coefficient of: 
42) KD Cordierite - Garnet = ~~rd 
XCord 
Fe 
which is pressure and slightly temperature dependent. The 
amount of water in the channels of cordierite also signifi-
cantly affects geobarometry results (Martignole & Sisi 
1981) .. 
Several workers have tried to calibrate the geobarome-
ter. The results of Currie (1971) differ considerably from 
the results of subsequent workers (Lanker 1981, pp. 1066-
• 
• 
• 
• 
• 
• 
• 
• 
• 
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1067). Essene (1982, p. 180) suggests that his experiments 
were too short-termed. Holdaway and Lee (1977), Newton and 
Wood (1979), and Martignole and Sisi (1981) obtained similar 
results with each other, and they tried to estimate the 
pressure effects of channel water in cordierite. Lanker 
(1981) tried to eliminate errors in the geobarometer 
created by 5-10% manganese in the garnet. 
In this study, the geobarometers of Martignole and 
Sisi (1981) and Lanker (1981) gave similar results. The 
manganese compensation tables of Lanker generally yielded 
unreasonable pressures above 7.5 kb or 1.5-2 kb higher than 
Martignole and Sisi's geobarometer. 
The Two Feldspar Geothermometer 
The two feldspar geothermometer is based on the parti-
tioning of albite between plagioclase and alkali feldspars. 
The geothermometer was studied experimentally by Seek 
(1972), and Stormer (1975) fit thermodynamic calculations 
to Seeks' data. In general, the fit was good(± 30°C) for 
metamorphites at 600-800°C, except when the albite contents 
of plagioclase and alkali feldspar were very low (XPL ~ 0.50, 
XAF ~ 0.20). Stormer (1975) derived graphs and a formula 
for calculating temperatures at l, 2, 5 and 10 kb: 
43) 2 T(°K) = (6326.7 - 9963.2 XAF + 943.3 XAF + 
3 2 2690.2 XAF + [0.0925 - 0.1458 XAF + 0.0141 XAF + 
3 XAF 0.0392 XAF] P) • (-1.9872 In~+ 4.6321 -
XPL 
• 
• 
• 
• 
• 
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2 3 10.815 XAF + 7.7345 XAF - 1.5512 XAF) 
XAF = Na +N~a +Kin the alkali feldspar 
Na XPL =Na+ Ca+ Kin plagioclase 
The unmixing of alkali feldspar to perthite after meta-
morphism is conunon and may cause sodium loss. Therefore, 
the feldspar temperatures should be considered minimums. 
In order to estimate XAF' the exsolved plagioclase in 
perthite must be integrated with the alkali feldspar 
component (Bohlen & Essene 1977, pp. 154-155). The integra-
tion was performed through area scans on several perthites 
with the scanning electron microscope and microprobe. 
Stormer (1975) ignored the effects of minor elements 
in plagioclase (K, Fe+3) and alkali feldspar (Ca, Fe+3); 
Powell and Powell (1977b), Whitney and Stormer (1977), and 
Brown and Parsons (1981) have tried to compensate for these 
effects and modify the geothermometer for lower grade rocks 
(400-600°C). In general, the modifications have not worked. 
The Whitney and Stormer (1977) geothermometer often gives 
temperatures 50°C lower than expected for 400-600°C 
metamorphites (Essene 1982, p. 170). 
The Stormer (1975) geothermometer was applied to 
sample RL331, a migmatite from Ear Falls, Ontario (Fig. 26). 
Assuming a pressure of 5 kb, the geothermometer gave a 
reasonable average temperature of 691 ± 50°C . 
• 
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The Two Pyroxene Geothermometer 
The two pyroxene geothermometer is based on the 
exchange of Mg 2Si2o6 between immiscible clinopyroxene and 
hypersthene. Many workers have tried calibrating the 
thermometer, and Wells (1977) and others have taken Fe+3 
effects into consideration. The Wells (1977) geothermometer 
gives reasonable results (usually± 70°C) for ultramafic 
plutons with 0.0 to 1.0 XFe orthopyroxenes and 0-10 wt% 
Al 2o3 clinopyroxenes at 1-40000 bars and temperatures 
greater than 900°C. However, the geothermometer rarely 
works for granulites. At metamorphic temperatures less 
than 850°C, the Mg 2Si2o6 exchange becomes temperature 
insensitive (Essene 1982, pp. 171-173; Wells 1977, pp. 137-
138). 
The activity of Mg 2Si2o6 in pyroxenes is estimated 
with an ideal two site solution model (Wood & Banno 1973, 
p. 118): 
44) 
~g2Si206 = 
M 2+ 
( 
Mg2+ 
g 
+) 2+ F 2+ Mn2+ M2 site X Ca + + e . + + Na 
M 2+ 
( g 2+) Fe3+ Fez+ Al 3+ + Ti4+ + Cr3+ + Ml site + + Mg 
and assuming: 
45) M 2+ ( 2+g z+> M2 site Mg + Fe 
Mg2+ 
= ( 2+ 2+) Ml site= 
Mg + Fe 
M 2+ ) Mineral ( g 
Mg 2+ + Fe 2+ 
• 
• 
• 
• 
• 
• 
• 
• 
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Temperatures are calculated with the following formulas 
(Wells 1977, pp. 130,135): 
46) T°K = 7341 
3.355 + 2.44(X~~x) - lnK 
47) 
48) 
Two Red Lake road granulites (G3 and G5B) gave 
unreasonable temperatures of more than 1200°C (Fig. 28) . 
The results were not lowered by estimating Fe+3 in the 
pyroxenes and eliminating its effects. The Wells (1977) 
geothermometer also failed for iron-rich Adirondack 
granulites (Bohlen & Essene 1979). 
The Garnet-Muscovite-Plagioclase 
Biotite Geobarometer 
The garnet-muscovite-plagioclase biotite geobarometer 
involves calcium partioning between grossular and plagio-
clase in the reaction (Hodges & Spear 1982, p. 1125): 
49) Pyrope-Almandine + Grossular +Muscovite= 
3 Plagioclase + Biotite 
The breakdown of garnet and muscovite changes the coordina-
tion numbers of aluminum (from 6 to 4) and iron-magnesium 
(from 8 to 6), which should be pressure sensitive (Ghent & 
Stout 1981, p. 92). 
Ghent and Stout (1981) calibrated the geobarometer with 
• 
• 
• 
• 
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natural samples from Waterville-Vassalboro, Maine and Mica 
Creek, British Columbia. The Ferry and Spear ( 1978) 
biotite-garnet geothermometer was used to estimate meta-
morphic temperatures. Once the metamorphic temperatures 
and chemistries of the minerals were known, the pressures 
could be estimated with the following formulas (Ghent & 
Stout 1981, pp. 92-93, 95; Hodges & Spear 1982, pp. 1126-
1127): 
50) 0 = -8888.4 - 16.675 T(°K) + 1738P (bars)+ 
RT(°K) ln K1 , (for predominantly iron- and 
• calcium-rich systems) 
• 
• 
• 
• 
• 
• 
51) 0 = 4124.4 - 22.061 T(°K) + 1.802P (bars)+ 
.where: 
52) 
53) 
54) 
55) 
56) 
5 7) 
58) 
RT(°K) ln K2 (for predominantly magnesium- and 
calcium-rich systems) 
(X ) 3 (X ) 3 
Kl = an ~h (X )(X ) (X ) 3 
mu py gr 
K2 = 
(Xan) 3 (Xann) 3 
(Xmu)(Xal)3(Xgr)3 
xan = Xanorthite = Ca/(Ca + Na + K) 
xph = X . = Mg/Fe phlogopite + Mg + Ti 
+ Alvi 
For micas: Aliv =/Si - 8/ 
For micas: Alvi = Altotal Aliv 
X = X = (K/(Ca +Na+ K) X mu muscovite 
(Alvi/Fe +Mg+ Mn +Ti+ Alvi)2 
• 
• 
• 
• 
• 
• 
• 
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59) X = X = M~(Fe + Mg +Ca+ Mn) PY pyrope 
60) X = Xgrossular = Ca/(Fe + Mg + Ca + Mn) gr 
61) X = X = Fe/(Fe +Mg+ Ti+ Al vi) ann annite 
62) X = X 
al almandine == Fe/(Fe + Mg + Ca + Mn) 
The geobarometer (equation 50) was applied to pelite 
BL12A from the Bird River greenstone belt, Manitoba. 
However, the garnets were rich in manganese and poor in 
calcium and magnesium. If the metamorphic temperature was 
500°C, the pressure was calculated at greater than 150 kb . 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
APPENDIX B 
THE MINERALOGY OF THE THIN-SECTIONED SAMPLES 
AND CHEMISTRY OF SELECTED MINERALS 
FROM THE FOUR STUDY AREAS 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
APPENDIX B 
THE MINERALOGY OF THE THIN-SECTIONED SAMPLES 
FROM THE FOUR STUDY AREAS 
Thin sections were made of 217 samples. They are 
listed in Table 10 according to their locations. The 
locations of most of the samples are shown in Figures 4, 
6, 8 (Savant Lake-Patricia Lake Road, Highway 599), 22 
(Vermilion River road), 24-26, 28, 30 (Red Lake road, 
Highway 105), and 34 (Bird River, Manitoba) . 
Mineral Parageneses 
Winkler (1979, p. 28) describes a paragenesis as an 
assemblage of minerals coexisting in equilibrium. In thin 
sections, minerals are considered in equilibrium if they 
are in contact with each other. Some samples have only 
one paragenesis or assemblage, e.g. F22, and the mineralogy 
is represented in Table 10 by an 11X" or a letter symbolizing 
the mineral, e.g. S for sillimanite. 
Sample LlOA contains two parageneses. The first 
paragenesis is represented by an "X" or an abbreviation for 
the mineral, e.g. "orth. 11 for orthoclase, and contains 
quartz, orthoclase, biotite, hornblende, clinozoisite-
epidote, sphene, and opaques. The minerals in the second 
216 
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paragenesis are represented by a "+11 and are quartz, horn-
blende, grossular-almandine, epidote-clinozoisite, calcite, 
and opaques. Quartz, hornblende, clinozoisite-epidote, and 
opaques are in both parageneses and are represented by a 
"*" or the overlapping of the symbols for the first and 
second parageneses. 
A few samples contain three parageneses, e.g. Gl02. 
The third paragenesis is symbolized by a "O." The legend 
describes all of the symbols used in Table 10 . 
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Mineral Symbols 
Actinolite Act, Ac 
Albite Alb 
• 
Almandine Alm, A 
Andalusite And, A 
Anthophyllite Ant 
• 
Apatite Apat 
Biotite Bio 
Calcite Cale 
• 
Chlorite Chl 
Clinopyroxene Cpx 
Clinozoisite Clz 
• 
Cordierite Cord 
Epidote Epd 
Fibrolite f 
• 
Garnet Gar 
Grossular Gros, G 
Hornblende Horn, H 
• 
Hypersthene Hyp 
Kyanite Ky, K 
Microcline Micro, m 
• Muscovite 
Mus 
Opaques Opaq 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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Orthoclase Orth 
Perthite Perth, p 
Plagioclase Plag 
Quartz Qtz 
Serpentine Serp, s 
Sillimanite Sill, s 
Spessartine Spess, s 
Sphene Sph 
Spinel 
(hercynite) Spin 
Tourmaline Tour 
Tremolite Trem, T 
X and/or a letter 
Paragenesis Symbols 
one, first paragenesis 
+ second paragenesis 
* the mineral is in the first and second 
parageneses 
0 third parageneses 
~ the mineral is in the first and third 
parageneses 
9 the mineral is in all three para-
geneses 
Other Symbols 
R a product of retrograde metamorphism, the paragenesis 
is unknown 
RR a retrograded mineral, the paragenesis is unknown 
tr. - trace 
V the mineral occurs in veins 
? uncertain 
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TABLE 10 
• THE MINERALOGY OF THE THIN-SECTIOMED SAMPLES FROM THE FOUR STUDY AREAS 
Perth; Act; Act; Hyp 
Sample Qtz Plag Micro Bio Chl Mus Trem Horn Cpx (Serp) Cord 
• Savant Lake-Patricia Lake Road (Highway 599): 
26 Samples; Fig. 4, 6, 8, 
F5 X X RR R? Ac 
F6 X X RR R? 
Fl9 X X X 
F21 X Alb H 
• F22 X X X Ll V X X Ac 
L8 X X X Ac 
LlOA • orth. X H* + 
LllA X X X X 
LllC X Alb RR R RR 
LllE X Alb X 
• L12B xv X RR R? X L14Bl tr tr X 
L18 X X X 
L21B X X R,tr X RR 
L24 X X Xm X X 
L27B X X Xm RR R,tr X 
L28D X X Xm RR R,tr X 
• L31A X X X X SVl xv X RR R? xv 
SV2 X X X X 
SV20A X X X 
SV21A X X X X X 
SV30A X X X X X 
SV31B X X X 
SV32 X X RR R X T? • 
Vermilion River Road: 19 Samples; Fig. 22 
VRBA * * tr,m • X + VR14 X X X X 
VR16 X X RR R? • VR17A X RR RR R 
VR18B X X Xm X X 
VR20A X X X 
VR20B X X X 
VR24 X X X tr X X 
VR30A X X Xm X X 
VR31B X X RR R X • VR33C X X Xm X X ?RR 
VR33D X X Xm X ?RR 
VR35 X X Xm X X 
VR40A X X Xm,p X X 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
Spess 
Alm 
Gros 
Gat: 
tr. 
X 
+x 
X 
XS 
X 
XRR 
* 
X 
RR 
X 
X 
X 
X 
X 
X 
X 
Clz 
Tour Epd 
X 
? 
X 
X 
* tr? 
X 
X 
? Tr 
X 
X 
X 
X 
tr? 
X 
? 
Sph 
tr 
X 
X 
X 
221 
TABLE 10 -- (Continued) 
Cale Opaq Apat Spin Lithology 
t:r X Inter. volcanic 
X X Inter. volcanic 
X Metagraywacke 
X X Metabasite 
X AS Metapelite 
X X Metabasite 
X Metabasite 
+ * Marble-Metahasite xv X Calcic Metabasite 
X Metabasite 
X Metabasite 
X Metabasite 
Tr X Metabasite 
X X Metabasite 
X Metabasite 
Tr Granodiorite Gn 
Tr Granodiorite Gn 
Tr Granodiorite. Gn 
X Migmatite 
X Metagraywacke 
X Metagraywacke 
X X X Metagraywacke 
X AS Metapelite 
X Metapelite 
tr • KA Metapelite 
X Metagraywacke 
* 
Cord-Garnet Migmatite 
X Cord-Garnet Paragneiss 
X Biotite Migrnatite 
X Garn. Paragneiss 
X Cord Garn Migmatite 
X Garn Migmatite 
X Garn Migmatite 
X Opx-Cpx Granulite (mafic) 
X Cord-Garn Paragneiss 
X X Opx Granulite (Ogn) 
X Garn Mlgmatite 
X Leucocratic Migmatite 
X Garn ·Paragneiss 
X Garn Paragneiss 
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TABLE 10 --(Continued) 
Perth; Act; Act; Hyp • Sample Qtz Plag Micro Bio Chl Mus Trem Horn Cpx (Serp) Cord 
VR52 X X Xm X 
VR57 X X Xm X X 
VR58A X X Xm X X 
VR65 X X X Ant? tr • VR66A X X X X X 
Red Lake Road (Highway 105): 147 Samples; Fig. 24-26, 28, 30 
C4 X X Xm X 
ca X Ac,R H X • Dl X X Xm RR R 
D2 X X Xm RR R 
D4 X X RR R R 
D.5 X X RR R 
DJ X X RR R R 
D9 X X RR R X 
Dll X X RR R 
• DlJ X X RR R H S,tr 
Dl4 X X tr R? H X s 
Dl6 X X X tr?,R 
Dl7 X X X X 
D18 X X Xp RR R X 
Dl9 X X Xm RR R 
GlA 
* * *RR R R X • GlB X X X H X 
G2A X X X T,Ac? 
G2B X X RR R 
G3 tr X X R H,X * * G.5A X X X X X X 
GSB X X R H,X * * G7 X X X 
• GB X X X X X,S G9A tr X X X 
G9B X X X X 
G50 X X X 
G52C X X X 
G53A X X Xm X X 
G53B X X Xm X 
• G55A X X X X G57B X X X 
G58A X X X X 
G60A X X RR R 
G62B X X X X 
G62E X X * + 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
Spess 
Alm 
Gros Clz 
Gar Tour Epd 
X 
X 
X 
X 
X 
X 
+ 
X 
X 
X 
tr 
X 
X 
X 
X 
X 
R? 
tr? 
X 
X 
? 
? 
tr. 
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TABLE 10--(Continued) 
And 
Ky 
Sph Cale Opaq Apat Spin Sill Lithology 
X Garn M!gmatite 
x Garn Paragneiss 
X Garn Paragneiss 
X Biot Paragneiss 
X Opx Granulite (mafic) 
X Tonalite Ogn 
tr X Amphibolite 
tr? tr X Tonalite Ogn 
X X Tonalite Ogn 
X Metagraywacke 
X X X Metagraywacke 
X Metagraywacke 
X X X Opx Granulite (Ogn) 
tr? X Tonalite Ogn 
X Mafic Granulite 
X Mafic Granulite 
X X Biot Paragneiss 
X Opx Granulite (Ogn) 
X Opx Granulite (Ogn) 
X tr Tonalite Ogn 
X Garn. Paragneiss 
X Mafic Granulite 
X Garn Migmat ite 
X ? Biotite Gneiss 
tr tr Mafic Granulite 
Mafic Granulite 
Mafic Granulite 
Amphibolite 
Maf ic Granulit:e 
Amphibolite 
Amphibolite & Aplite 
X Biot. Paragneiss 
X Garn Migmatite 
Garn Paragneiss 
Biot Paragneiss 
S,f Garn Paragneiss 
Biot Paragneiss 
X X Biot Paragneiss 
X Garn Paragneiss 
Gar.n Paragneiss 
Tr .. s Cord Migmatite 
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TABLE 10 --(Continued) 
Perth; Act; Act; Hyp 
• Sample Qtz Plag Micro Bio Chl Mus Trem Horn Cpx (Serp) Cord 
G63A X X X 
G63B X X X X 
G64A X RR RR RR? 
G66A X X X 
• G67A X X X G68B X X X X X 
G69A X X X X 
G70B X X X 
,; G73A X X X + 
vG74B X * * X G74D X X X 
• G76A X X X X X X G76B X X X 
vG79A X X Xm X * 
G81A X X X 
G84 X X X X 
G87A X X X 
G89A X X X 
• G90B X X X G90C X X X 
G91A X X RR R R 
G91C X ?RR RR R X T 
G92A X X R R 
G92B X X RR R R 
G92C X RR RR R R 
• G93A X X RR R R G93B X X RR R 
G94A X X RR R R 
G94B X X RR R 
G96 X X X X 
G98C X X X X 
GlOOC X X X,p * X 
Gl02 B 0 11.m II ? • Gl03A X X X X 
GlOJB X X X X 
Gl04 X X X X 
Gl06B X X X X 
MFlA X X X 
MF2 X X X 
MF4A X X X • MF5 X X X 
MF8 X X X 
MF9 X X X X 
MFlOB X X RR R R 
• 
• 
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TABLE 10--(Continued) 
Spess 
Alm And 
• 
Gros Clz Ky 
Gar Tour Epd Sph Cale Opaq Apat Spin Sill Lithology 
X Garn Paragneisa 
X Garn Granulite (pgn) 
Cord Migmatite 
• 
X Biot Paragneiss 
Biot Paragneiss 
X S,f Garn Paragneiss 
X Garn Paragneis:; 
X Biot Paragneiss 
X + + S,f* Garn ?aragneiss v 
* + Opx Granulite (Pgn) ./ 
• 
Biot Paragneiss 
Mafic Granulite 
X Biot. Paragneiss 
X + S,f Spinel Migmatite c/ 
X Biot Paragneiss 
X X S,f Garn Migmatite 
X X Garn Migmatite 
X Garn Higmati.te 
• X Biot Paragneiss X X Dacite Porphyry 
Trem Schist 
Biot Migmatite 
X Biot Chl Schist 
Daclte Porphyry 
• X Biot Migir.atite X Biot Paragneiss 
X X Biot Paragneiss 
X X Horn Tonalite 
Garn. Migmatite 
X X S,f Garn Migmatite 
+ *S,f Garn Migmatite ., 0 +S,f Garn Migmatite 
X XS Cord Migmatite 
XS Cord Migmatite 
Cord Migmatite 
X XS 
X Garn Paragneiss 
X Garn Paragneiss 
• X 
Garn Paragneiss 
X Biot Paragneiss 
tr X Garn Paragneiss 
X X X Horn Tonalite 
X,R Biot Paragneiss 
• 
• 
226 • 
• 
TABLE 10 --(Continued) 
Perth; Act; Act; Hyp 
• Sample Qtz Plag Micro Bio Chl Mus Trem Horn Cpx (Serp) Cord 
MFllA X RR RR R R 
MF13B X X * X 
MF14 X X X RR R R 
MF15 X X RR R R 
MF16 X X RR tr tr • 
MF17B X X X 
MF18A X X X 
MF19 X X RR R 
MF20 X X X 
MF21A X X RR R 
RLl X X X 
RL2 X X X X • 
RLlO X X X 
RL20 X X X X R X 
RL21 X X X X 
RL30 X X X RR R X 
RL40 X X X X 
RL41 X X X RR R R 
RL42 X X X X 
RL50 X X X RR R R 
RL51 X X X RR R R 
RL52 X X RR R R 
RL53 X X X RR R R 
RL54 X X RR R T,R X tr 
RL60 X X RR R R X 
RL61 X X X RR R X • RL70 X X RR R 
RL71 X X X RR R R 
RL80 X X RR R R 
RL81 X X X X 
RL90 X X RR R 
RL101 X X RR R 
RL102 X X RR R R • RL110 X X RR R R T,R H,S 
RL120 * *R * s+ 
RL121 X X X 
RL130 X X X R R XRR 
RL131 X X X X 
RL140 X X X X 
RL141 tr X H X • RL142 X X X X X 
RL150 X X X RR R R 
RL151 * * + * X S* 
RL160 X X X X 
• 
• 
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• TABLE 10 --(Continued) 
Spess 
Alm And 
Gros Clz Ky 
• GaT Tour Epd Sph Cale Opaq Apat Spin Sill Lithology 
X,RR X X Garn Paragneiss 
+S Cord Paragneiss 
X,R X Biot Migmatite 
tr X X Garn Paragneiss 
• X tr Garn Paragneiss tr Garn Paragneiss 
X Biot Migmatite 
tr X Garn Paragneiss 
Biot Paragneiss 
X X X Biot Paragneiss 
X X Biot Paragneiss 
• 
X X S,f Cord Paragneiss 
tr X X X Amphibolite 
X X Horn Tonalite Ogn 
X X X X Biot Tonalite Ogn 
X X X X Horn Tonalite Ogn 
X Mafic Granulite Ogn 
R Biot Tonalite Ogn 
• 
X tr Amphibolite 
X Biot Tonalite Ogn 
tr X X Biot Tonalite Ogn 
X X Garn Tonalite (Ogn) 
X X X Granite 
Opx Granulite (Ogn) 
X X Opx Granulite (Ogn) 
• 
X Opx Granulite (Ogn) 
X Tonalite Ogn 
X X Tonalite Ogn 
X X Tonalite Ogn 
X X X Garn Tonalite Ogn 
X X X Tonalite Ogn 
X Biot Gneiss 
• 
X Biot Gneiss 
X X X Mafic Granulite 
X Mafic Granulite 
Garn Tonalite Gn 
X X Garn Paragneiss 
X Mafic Granulite 
X X Tonalite 
• 
Amphibolite 
Horn Tonalite 
X Tonalite 
+ X ,tr X Garn Granulite 
X X Amphibolite 
• 
• 
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TABLE 10 --(Continued) 
Perth; Act; Act; Hy? • 
Sample Qtz Plag Micro Bio Chl Mus Trem Horn Cpx (Serp) Cord 
RL170 X X X X 
RL180 X X X X X X 
RL190 X X X R R X 
• RL200 X X X X X RL211 X X X X X 
R1212 X X X X 
RL213 X X X X 
RL214 X X X X X X 
RL215 e 0 * * 0 RL301 X X X R R 
• RL302 x X R R RR RL310 X X X X 
RL311 X X X 
RL320 X X X X 
RL330 X X X X 
RL331 X X Xp X 
RL340 
* * * + RL341 X X Xp X X • RL342 X X * * RL343 X X * • RL351 X X X X X 
RL360 X X RR R R X 
RL361 * * * *RR R R S?X 
• Bird River, llanitoba: 25 Sampies; Fig. 34 
BL1 X X X X 
BL2A X X X X 
BL4 X X Xm X X 
BLS X X Xm X X 
BL7 X X X X • BL9 X X X V 
BLlOB X X X R? R? 
BLll X X X 
BL12A X X X X 
BL12C X X X X 
BL13 X X R? X X 
BL15A X X XT • BL15B X X X X 
BLlSC * X R? X T* + BL15D. X X Xm R? XT Y. 
BL17A X X X X RR? 
BL17B X X X 
• 
• 
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TABLE 10 --(Continued) 
Spess 
Alm And 
• Gros Clz Ky Gar Tour Epd Sph Cale Opaq Apat Spin Sill Lithology 
X X X Horn Migmatite 
X X X X Horn Migmat.ite 
X X X Horn Tonalite 
• X 
Horn Tonalite 
X Garn Migmatite 
X sx Granite 
X sx Granite 
sx Granite 
+ X sx Granite 
X X X Biot Migmatite 
• X 
Cord Paragneiss 
X Sf Cord Paragneiss 
X X Garn Paragneiss 
sx Cord Paragneiss 
Sf Cord Paragneiss 
X Leucocratic Migmatite 
X,tr +Sf Garn Paragneiss 
• 
XSf Cord Paragne_iss 
X +Sf Garn Paragneiss 
X +Sf Garn Paragneiss 
Mafic Granulite 
X R X S? Cord Paragneiss 
+ Mafic Granulite 
• 
X Horn Metagraywacke 
X X Horn Metagraywacke 
X Horn Metagraywacke 
Horn Metagraywacke 
• 
Horn Metagraywacke 
Biot Metagraywacke 
Biot Metagraywacke 
RB. X Muse Metapelite 
X X tr Garn Metapelite 
tr Muse Metapelite 
X X Horn Metagraywacke 
• 
X Diop Metabasite 
X Biot Metagraywacke 
X X X Metabasite-Marble 
X X Calcic Metabasite 
Cord Metagraywacke 
Biotite Metavolcanic 
• 
• 
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• TABLE 10 --(Continue<!) 
Perth; Act; Act; Hyp 
• Sample Qtz Plag Micro Bio Chl Mus Trem Horn Cpx (Serp) Cord 
BL18A X R,X R R RR? 
BL18B X X X 
Bl X X 
B2 X X X X 
B3 X X X • B4 X X X 
BS X X X X 
B6 X RR ?RR X ?RR 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
Speas 
Alm 
Gros Clz 
Gar Tour Epd 
X 
X 
X 
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TABLE 10--(Continued) 
And 
Ky 
Sph Cale Opaq Apat Spin Sill 
X 
Lithology 
Cord? Metagraywacke 
Biotite Metagraywacke 
Biotite Metagraywacke 
Cord Metagraywacke 
Garn Metavolcanic 
Garn Metavolcanic 
Garn Metavolcanic 
A?RR Cord Metagraywacke 
• 
• 
•• 
• 
• 
• 
• 
• 
• 
• 
• 
TABLE 11 
THE CHEMISTRY OF SELECTED MINERALS IN SAMPLES FROM 
NORTHWESTERN ONTARIO AND SOUTHEASTERN MANITOBA 
The chemical information was determined with a JEOL 
JSM35C scanning electron microscope and a Tracor Northern 
TN-2000 x-ray analyzer. Operating conditions for the equip-
ment are discussed in the analytical techniques section of 
Appendix A. The chemical data are normalized and used for 
geotherrnobarometry. The fluid content for the micas was 
assumed to be three weight percent, which is a typical 
value. for metamorphic biotites (Deer, et al. 1976, pp. 62-
64). All measurements were taken in the cores of the 
minerals, except for cordierites, garnets, feldspars and 
pyroxenes containing the letters B, C and Din the sample 
numbers. These "rim" measurements were taken roughly half-
way between the core and the rim of the minerals. 
The location of the sample groups or "series" are 
shown in Figures 2, 4 (Series F and L), 8 (Series SV), 22 
(Series VR), 24 (Samples RL 2, 52, 54, and 360), 26 (Samples 
RL331 and 343), 28 (Series D, Samples G2-9 and Sample RL 
120), 30 (Samples G52-106 and Series MF) and 34 (Series 
BL). 
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TABLE 11 
THE CHEMISTRY OF SELECTED MINERALS FROM THE FOUR STUDY AREAS 
• 
Sample IJ: BL12A BL12A BL12A BL12A 
Location: Bird River, Bird River, Bird River, Bird River, 
Manitoba Manitoba Manitoba Manitoba 
• Mineral: Biotite 1 Biotite 2 Biotite 3 Garnet 1 
Fluid: 3% 3% 
• Oxide Wt% ' Si02 35.26 35.75 33.18 37.60 
Al203 18.57 18.41 18.29 21. 71 
Ti02 2. 71 2.59 2.92 0 
MnO 0.43 0.68 0.25 14.61 
• 
MgO 7.43 7.48 7.66 1.09 
FeO 20.17 20.30 22.44 22.33 
Cao 0.97 0.96 0.92 2.58 
K20 11.23 10.81 10.22 0 
Na20 0 0 0.93 0 
Total 99. 77 99.99 99.81 99.92 
• Number of ions 
on the basis of 
24 oxygens 
Si 5.4525 5.5062 5.1994 6.0555 
• 
Al 3.3848 3.3419 3.3778 4.1209 
Ti 0.3149 0.2998 0.3439 0 
Mn 0.0565 0.0890 0.0338 1. 9929 
Mg 1. 7120 1. 7167 1.7890 0.2622 
Fe 2.6078 2.6140 2.9409 3.0073 
Ca 0.1611 0.1585 0.1541 0.4449 
K 2.2158 2.1234 2.0440 0 
• Na 0 0 0.2819 0 
• 
• 
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TABLE 11--(Continued) 
• 
Sample II: BL12A BL12A BL12A BL12A 
Location: Bird River, Bird River, Bird River, Bird River, 
Manitoba Manitoba Manitoba Manitoba 
• Mineral: Garnet 2 Muscovite 1 Muscovite 2 Plagioclase 
1 
Fluid: 3% 3% 
• 
Oxide Wt% 
Si02 38.22 45.18 44.67 59.32 
A12o 3 21.34 34.67 35.00 25.92 Ti02 0.27 0.73 0.75 0 
MnO 13.59 0 0 0.32 
• 
MgO 2.43 1. 34 1.27 0 
FeO 22.28 2.13 1. 93 0 
Cao 1. 93 0.90 1.16 7.07 
K20 0 12.09 11. 71 0.15 
Na20 o 0 0.59 7.21 
Total 100.06 100.04 100.09 99.99 
• Number of ions 
on the basis of 
24 oxygens 
Si 6. 0991 6.1447 6. 0776 7.9362 
Al 4.0135 5.5574 5. 6116 4.0867 
• Ti 0.0322 0.0747 0.0770 o Mn 1.8361 o o 0.0367 
Mg 0.5774 0.2715 0.2575 o 
Fe 2. 9726 0.2417 0.2201 0 
Ca 0.3305 0.1312 0.1686 1.0126 
K 0 2.0966 2.0319 0.0262 
• Na o o 0.1564 1. 8695 
• 
• 
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TABLE 11--(Continued) 
• 
Sample II: BL12A BL12A BL15C BL15C 
Location: Bird River, Bird River, Bird River, Bird River, 
Manitoba Manitoba Manitoba Manitoba 
• Mineral: Plagioclase Plagioclase Clinopyr- Clinopyr-
2 3 oxene 1 oxene 2 
Fluid: 
• Oxide Wt% 
Si02 57.64 57.98 53.02 53.64 
Al20 3 26.75 26.97 0 0.36 
Ti02 0.33 0 0 0 
MnO 0 0 0.47 0.31 
• 
MgO 0 0 14.75 15.49 
FeO 0.28 0.53 5.84 4.79 
Cao 8.05 8.30 24.30 24.45 
K20 0 0 0 0 
Na20 6.93 6.13 1.66 0.99 
Total 99.98 99.91 100.06 100.07 
• Number of ions 
on the basis of 
24 oxygens 
Si 7.7434 7. 7779 7. 9077 7.9275 
Al 4.2356 4.2639 0 0.0618 
• Ti 0.0336 0 0 0 Mn 0 0 0.0580 0.0383 
Mg 0 0 3. 2781 3 .4111 
Fe 0.0314 0.0589 0.7272 0.5917 
Ca 1.1581 1.1922 3.8819 3.8699 
K 0 0 0 0 
• Na 1. 8056 1.5939 0.4785 0.2820 
• 
• 
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TABLE 11--(Continued) 
• 
Sample#: BL15C BL15C BL15C BL15C 
Location: Bird River, Bird River, Bird River, Bird River, 
Manitoba Manitoba Manitoba Manitoba 
• Mineral: Clinopyr- Clinopyr- Clinopyr- Clinopyr-
oxene 3 oxene 4 oxene 5 oxene 6 
Fluid: 
• Oxide Wt% 
Si02 54.15 53.43 54.26 52.43 
Al203 0.48 0 0.42 0 
Ti02 0 0.27 0 0 
MnO 0.52 0.48 0.57 0.59 
• 
MgO 15.60 14.58 14.55 15.40 
FeO 3.99 5.84 5.30 5.69 
Cao 24.09 25.43 24.02 24.30 
K20 0 0 0 0 
Na20 1.22 0 0.92 1.63 
Total 100.07 100.07 100.07 100.06 
• Number of ions 
on the basis of 
24 oxygens 
Si 7.9678 7.9395 8.0163 7 .·8321 
• 
Al 0.0811 0 0.0715 0 
Ti 0 0.0296 .o 0 
Mn 0.0639 0.0600 0.0708 0.0734 
Mg 3.4199 3.2291 3.2036 3.4296 
Fe 0.4902 0.7245 0.6534 o. 7096 
Ca 3.7959 4.0479 3.8016 3.8884 
• 
K 0 0 0 0 
Na 0.3449 0 0.2610 0.4690 
• 
• 
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TABLE 11--(Continued) 
• Sample ti: D4 D4 D4 D4 D4 D4 
Location: Highway Highway Highway Highway Highway Highway 
105 105 105 105 105 105 
• Mineral: Biotite 
Biotite Biotite Biotite Biotite Garnet 
lA lB 2A 2B 3A lA 
Fluid: 3% 3% 3% 3% 
Oxide Wt% 
• Si02 36.01 36.50 36.09 36.15 34.87 38.13 
Alz03 15.10 15.87 15.68 15.47 14.38 21.37 
Ti02 4.09 3.61 4.01 3.39 5.12 0 
MnO 0.24 0 0.62 0 0 2.60 
MgO 10.51 10.66 10.44 9.93 7.59 4. 77 
• 
FeO 19.15 19.26 18.53 19.13 23.28 31.70 
cao 0.86 1.16 o. 73 1.41 0.20 1. 35 
K20 10.22 9. 71 10.80 10.57 10.25 0 
Na20 0.68 0 0 0.53 0.64 0 
Total 99.85 99. 77 99.91 99.59 99.35 99.92 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 5.5362 5.5728 5.5365 5.5765 5.4716 6.0365 
Al 2.7352 2.8599 2.8337 2.8130 2.6599 3.9862 
• 
Ti 0.4730 0.4147 0.4624 0.3933 0.6046 0 
Mn 0.0317 0 0.0808 0 0 0.3483 
Mg 2.4079 2.4263 2.3881 2.2835 1. 7755 1.1246 
Fe 2.4621 2.4589 2. 3772 2 .4671 3.0556 4 .1963 
Ca 0.1410 0.1893 0.1204 0.2328 0.0343 0.2290 
K 2.0036 1.8920 2 .1135 2.0790 2.0525 0 
• 
Na 0.2041 0 0 0.1599 0.1949 0 
• 
• 
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TABLE 11--(Continued) 
• Sample ti: D4 D4 D4 D4 D4 
Location: Highway Highway Highway Highway Highway 
105 105 105 105 105 
• 
Mineral: Garnet Garnet Garnet Garnet 3B2 (2nd Garnet 
2B 3A 3B Measurement) 4A 
Fluid: 
Oxide Wt% 
• Si0z 37.95 37.28 38.17 38.90 37.21 Alz03 21.88 21.42 22.11 21.70 21.04 
Ti02 o o o 0 0.52 
MnO 2.48 2.53 2.57 2.75 2.40 
MgO 4.68 4.56 4.32 4.79 4.27 
• 
FeO 31.46 31.56 31.19 30.37 32.80 
Cao 1.63 1.69 1.54 1.28 1.45 
K20 o o o o o 
Na2o o o 0 o o 
Total 100.08 99.05 99.90 99.78 99.69 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 6.0037 5.8420 6.0352 6.1259 5.9627 
Al 4.0794 3.9565 4.1204 4.0273 3.9733 
Ti o 0 o 0 0.0624 
• Mn 0.3324 0.3362 0.3444 0.3664 0.3259 Mg 1.1030 1.0660 1.0191 1.1249 1.0201 
Fe 4.1613 4.1357 4.1235 4.0002 4.3951 
Ca 0.2765 0.2833 0.2616 0.2155 0.2484 
K 0 0 0 0 0 
Na 0 o 0 0 0 
• 
• 
• 
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TABLE 11--(Continued) 
• Sample ti: D4 D4 D5 D5 D5 D5 
Location: Highway Highway Highway Highway Highway Highway 
105 105 105 105 105 105 
• 
Mineral: Garnet Garnet Biotite Biotite Biotite Biotite 
4B 4C lA lB 2A 2B 
Fluid: 3.82% 3.5% 3.5% 3% 
Oxide Wt% 
• Si02 38.00 37.03 33.83 34.87 34.01 35.01 Al203 21.51 21.56 15.22 14.38 15.15 15.18 
Ti02 0 0.23 5.39 5.12 4.93 4.39 
MnO 2.87 2.21 0 0 0.53 0.49 
MgO 4.56 4.88 7 .13 7.59 7 .91 7.67 
• 
FeO 31.01 32.67 24.07 23.28 23.02 22.86 
CaO 1.65 1.41 0.44 0.20 0.36 0.68 
K20 0 0 10.54 10.25 9.25 9.75 
Na20 0.63 0 0 0.64 1.39 0.83 
Total 100.23 99.98 100.00 99.85 100.03 99.85 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 6. 0177 5.9056 5.3403 5.4716 5.3495 5.4571 
Al 4.0132 4.0530 2.8306 2.6599 2.8078 2.7875 
Ti 0 0.0273 0.6209 0.6046 0.5827 0.5150 
• Mn 0.3851 0.2980 0 0 0.0700 0.0644 Mg 1.0763 1.1593 1.6783 1. 7755 1.8545 1.7819 
Fe 4.1060 4.3568 3.1773 3.0556 3.0273 2.9790 
Ca 0.2801 0.2402 0.0748 0.0343 0.0605 0 .1138 
K 0 0 2.0587 2.0525 1.8551 1.9387 
Na 0.1935 0 0 0.1949 0.4234 0.2493 
• 
• 
• 
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TABLE 11--(Continued) 
• Sample II: D5 D5 D5 D5 D5 D5 
Location: Highway Highway Highway Highway Highway Highway 
105 105 105 105 105 105 
• Mineral: Biotite Biotite Garnet Garnet Garnet Garnet 2C 2D lA lB 2A 3A 
Fluid: 3% 3% 
Oxide Wt% 
• Si02 35.05 34. 71 37.80 37.44 37.88 36.91 
Al203 15.39 15.14 21.72 21.51 22.01 20. 72 
Ti02 5.11 5.17 0 0 0 0 
MnO 0 0.55 4.12 3.52 3.48 3.81 
MgO 7.52 7.69 3.20 4.02 4.87 4.16 
• 
FeO 23.07 22.92 31.08 30.88 29.90 32.56 
Cao 0.21 0 1. 73 1.69 1. 72 1.80 
K20 10.11 9.99 0 0 0 0 
Na20 0.61 0.59 0 0. 71 0 0 
Total 100.07 99.78 99.67 99. 77 99.87 99.96 
• 
Number of ions 
on the basis of 
24 oxygens .. 
Si 5.4612 5.4351 6.0435 5.9819 5.9916 5.9441 
Al 2.8255 2.7940 4.0925 4.0509 4.1033 3.9328 
• 
Ti 0.5991 0.6089 0 0 0 0 
Mn 0 0.0730 0.5583 0.4765 0.4665 0.5191 
Mg 1. 7469 1. 7959 0.7638 0. 9572 1.1477 0.9983 
Fe 3.0054 3.0008 4.1551 4.1261 3.9553 4.3850 
Ca 0.0357 0 0. 296 7 0.2896 0.2919 0.3098 
K 2.0093 1.9955 0 0 0 0 
• 
Na 0.1852 0.1787 0 0.2203 0 0 
• 
• 
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TABLE 11--(Continued) 
• Sample II: D5 D5 D5 D7 D7 D7 
Location: Highway Highway Highway Highway Highway Highway 
105 105 105 105 105 105 
• Mineral: Garnet Garnet Garnet Biotite Biotite Garnet 3B 3C 3D 1 2 lA 
Fluid: 3.5% 2% 
Oxide Wt% 
• SiOz 37.88 36.85 36.77 35.19 36.99 39.03 
Alz03 20.44 20. 71 20.35 17.17 17.12 21.56 
Ti02 0 0 0 2.34 2.67 0 
MnO 3.28 4.06 4.76 0.38 0.52 1.68 
MgO 3.74 3.74 3.35 12.74 10.59 4.54 
• 
FeO 32.84 31.59 32.73 19.17 17.27 31.55 
Cao 1.82 1.94 2.03 0.78 1.02 1.42 
K20 0 0 0 8.65 10.81 0 
Na20 0 0.70 0 0 0.88 0 
Total 100.00 99.65 100.05 99.92 99.87 99. 77 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 6.0744 5.9199 5.9591 5 .3724 6 .0072 6.1525 
Al 3.8630 3.9197 3.8868 3.0889 3.2772 4.0043 
Ti 0 0 0 0.2680 0.3260 0 
• Mn 0.4454 0.5518 0.6537 0.494 0.0712 0.2239 Mg 0.8947 0.8959 0.8097 2.8997 2.5644 1.0661 
Fe 4.4036 4.2431 4.4352 2.4476 2.3452 4.1579 
Ca 0.3128 0.3344 0.3527 0.1268 0.1781 0.2403 
K 0 0 0 1.6844 2.2393 0 
• 
Na 0 0.2180 0 0 0.2772 0 
• 
• 
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TABLE 11--(Continued) 
• Sample ff: D7 D7 D7 F19 F19 F19 
Location: Highway Highway Highway Highway Highway Highway 
105 105 105 599 599 599 
• Mineral: Garnet Garnet Garnet Biotite Biotite Garnet lB 2A 2B 1 2 lA 
Fluid: 3% 3% 
Oxide Wt% 
• Si02 37.58 37.20 38.20 35.18 36.65 37.85 
Al203 21.55 21. 72 21.19 21.19 19.58 21.43 
TiOz 0 0 0 1.30 1.36 0 
MnO 2.45 2.26 2.78 o 0.35 1.20 
MgO 4.86 4.98 4.89 12.39 11. 79 3.00 
• 
FeO 31. 71 32. 72 30.95 18.17 17. 77 34.87 
Cao 1.38 1.02 1.06 0.83 0.93 1.66 
K20 0 0 0.22 7.91 8.21 0 
Na2o 0.52 o 0.65 o 0 0 
Total 100.04 99.91 99.95 99.97 99.63 100.03 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 5.9699 5. 9284 6.0597 5.256 5.4900 6.0565 
Al 4.0349 4.0790 3.9619 3.7308 3.4560 4.0409 
• 
Ti o o 0 0.1452 0.1536 0 
Mn 0.3298 0.3054 0.3736 0 0.0432 0.1620 
Mg 1.1504 1.1841 1.1562 2.7600 2.6340 0. 7146 
Fe 4.2130 4.3605 4.1056 2.2692 2. 2248 4.6650 
Ca 0.2349 0.1743 0.1799 0.1320 0.1476 0.2838 
K 0 0 0.0447 1.5072 1.5696 0 
• 
Na 0.1586 0 0.1993 0 0 0 
• 
• 
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TABLE 11--(Continued) 
• Sample fl: F19 F19 Fl9 F19 F19 F19 
Location: Highway Highway Highway Highway Highway Highway 
599 599 599 599 599 599 
• Mineral: Garnet Garnet Garnet Garnet Garnet Garnet lB 2A 2B 3A 3B 4A 
Fluid: 
• 
Oxide Wt% 
Si02 37.75 37.84 37.07 38.26 37.63 37.00 
Al203 21.15 21.02 22.34 21.86 22.01 21.48 
Ti02 0 0 0 0 0 0 
MnO 2.08 2.47 2.27 1. 97 2.60 3.79 
MgO 3.23 3.56 3.68 3.55 3.25 4.54 
• 
FeO 34.01 32. 97 32.86 32.44 32.24 30.92 
Cao 1.63 1.53 1.80 1. 93 2.08 1.52 
K20 0.14 0 0 0 0 0 
Na20 0 0.60 0 0 0 0.79 
Total 100.03 100.03 100.05 100.01 99.80 100.03 
• Number of ions on the basis of 
24 oxygens 
Si 6.0504 6.0530 5.8205 6.0684 6.0048 5.9124 
Al 3.9948 3. 9632 4 .1336 4.0860 4.1388 4.0440 
• 
Ti 0 0 0 0 0 0 
Mn 0.2822 0. 3344 0.3018 0.2640 0.3504 0.5124 
Mg 0. 7707 0.8485 0.8611 0.8388 o. 7716 1.0800 
Fe 4.5586 4.4098 4.3143 4.3020 4.3020 4.1304 
Ca 0.2803 0.2628 0.3019 0.3264 0.3552 0.2604 
K 0.0293 0 0 0 0 0 
• 
Na 0 0.1866 0 0 0 0.2424 
• 
• 
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TABLE 11--(Continued) 
• Sample ti: Fl9 Fl9 F19 Fl9 F19 F19 
Location: Highway Highway Highway Highway Highway Highway 
599 599 599 599 599 599 
• Mineral: Garnet Garnet Garnet Garnet Garnet Garnet 4B SA SB 6A 7A 7B 
Fluid: 
Oxide Wt% 
• Si02 37. 71 36.65 37.39 37.96 37.58 36.76 
Al203 21.45 22.67 21.55 21.32 21.58 22. 71 
Ti02 0 0 0 0 0.60 0 
MnO 2.47 1.98 1.63 2.68 3.52 2.39 
MgO 3.41 3.98 4.24 3.85 3.08 4.48 
• 
FeO 33.37 32.25 33.01 32.60 31.17 31. 79 
CaO 1.58 1.87 2.04 1.57 1. 78 1.84 
K20 0 0 0.24 0 0 0 
Na20 0 0.79 0 0 0.68 0 
Total 100.04 100.18 100.10 100.04 100.04 99.97 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 6.0288 5.8356 5.9616 6.0504 5.9952 5.8452 
Al 4.0404 4.2528 4.0488 4.0044 4.0560 4.2552 
• 
Ti 0 0 0 0 0.0720 0 
Mn 0.3336 0.2664 0.2196 0.3612 0.4752 0.3216 
Mg 0.8124 0.9456 1.008 0.9156 0.7332 1.0620 
Fe 4.4604 4.2936 4.4004 4.3440 4.1580 4.3440 
Ca 0.2700 0.3180 0.3468 0.2676 0.3036 0.3132 
K 0 0 0.0480 0 0 0 
• 
Na 0 0.2412 0 0 0.2100 0 
• 
• 
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TABLE 11--(Continued) 
• Sample II: F21 F21 F21 G2B G2B G2B 
Location: Highway Highway Highway Highway Highway Highway 
599 599 599 105 105 105 
• Mineral: Amphi- Amphi- Amphi- Biotite Biotite Biotite bole 1 bole 2 bole 3 1 2 3 
Fluid: 3.5% 3.2% 3% 
Oxide Wt% 
• Si02 44.85 46.31 41.87 37.57 36. 72 37.06 
Al203 11.34 11.22 13.24 17 .37 15.81 16.48 
Ti02 0.66 0.60 0.63 1. 78 3.24 3.23 
MnO 0.80 o. 72 0.69 0 0 0 
MgO 6.02 6.18 6.38 11.46 10.20 11.36 
• 
FeO 20.42 20.67 21.85 13.69 18.07 16.88 
cao 12.27 11.84 12.45 1.53 1.03 1.46 
K20 1.18 1.03 1.16 10.41 11.01 10.66 
Na20 2.46 1.45 1. 72 2. 72 0.67 0 
Total 100.03 100.04 100.04 100.02 99.96 100.13 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 7.0013 7.1617 6.6023 5.6628 6.0631 5.6012 
Al 2.0855 2.0442 2.4601 3.0851 3.0760 2.9353 
• 
Ti 0.0770 0.0692 0.0744 0.2016 0.4019 0.3675 
Mn 0.1055 0.0941 0.0920 0 0 0 
Mg 1.4017 1.4243 1.5004 2.5754 2. 5116 2.5589 
Fe 2.6660 2.6729 2.8807 1. 7251 2.4944 2.1335 
Ca 2.0526 1. 9611 2.1031 0.2470 0.1823 0.2370 
K 0.2341 0.2024 0.2335 2.0013 2. 3196 2.0543 
• 
Na 0.7440 0.4352 0.5259 0.7939 0.2152 0 
• 
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TABLE 11--(Continued) 
• Sample II: G2B G2B G2B G2B G2B G2B 
Location: Highway Highway Highway Highway Highway Highway 
105 105 105 105 105 105 
• 
Mineral: Garnet Garnet Garnet Garnet Garnet Garnet 
!A lB 2A 2B 3A 3B 
Fluid: 
Oxide Wt% 
• Si02 36.47 39.23 37.95 37.19 38.04 37.70 
Al203 21.84 21.63 21.53 21.89 21.75 21.89 
Ti02 0 0 0 0 0.26 0 
MnO 3.10 2.92 2.12 1.60 1.86 2.10 
MgO 5.22 4.18 6.28 6.67 6.23 6.39 
• 
FeO 31.29 30.67 30.25 30 .25 30.44 30.28 
cao 1.16 1.30 1.87 1.43 1.40 1.49 
K20 0 0 0 0.21 0 0.14 
Na20 0.91 0 0 0.68 0 0 
Total 100.04 99.93 100.03 99.93 99.97 100.04 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 5.8257 6.1764 5.9754 5.8712 5.9772 5.9364 
Al 4.1116 4.0133 3. 9961 4.0739 4.0276 4.0620 
Ti 0 0 0 0 0.0307 0 
• Mn 0.4194 0.3890 0.2823 0.2143 0. 24 71 0.2803 Mg 1.2424 0.9803 1.4734 1.5708 1.4595 1. 5012 
Fe 4.1797 4.0376 3.9836 3.9942 3.9996 3.9873 
Ca 0.1988 0.2199 0.3154 0.2416 0.2360 0.2509 
K 0 0 0 0.0425 0 0.0285 
• 
Na 0.2809 0 0 0.2086 0 0 
• 
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TABLE 11--(Continued) 
• Sample II: G3 G3 G3 G3 G3 
Location: Highway Highway Highway Highway Highway 
105 105 105 105 105 
• Mineral: Clinopyr- Clinopyr- Horn- Horn- Horn-
oxene lA oxene lB blende 1 blende 2 blende 3 
Fluid: 
Oxide Wt% 
• Si02 52.81 54.45 43.83 45.09 45.37 
Al203 0 0 10.20 9.88 9.59 
Ti02 0.39 0 2. 72 1. 79 2.27 
MnO 0.55 0 0.54 0.59 0.61 
MgO 10.59 10.09 10.16 8.66 9.26 
• 
FeO 13.57 12.46 17 .11 17.16 17.14 
cao 22.07 22.91 11.83 12.17 12.22 
K20 0 0 1. 38 1.21 1.19 
Na2o 0 0 2.22 3.45 2.28 
Total 100 .03 99.91 100.04 100.04 99.95 
• Number of ions on the basis of 
24 oxygens 
Si 8.0492 8.2238 6.7690 6.9707 6.9869 
Al 0 0 1.8565 1.8002 1. 7409 
• 
Ti 0.0451 0 0.3157 0.2075 0.2632 
Mn 0.0711 0 0.0711 0.0768 0.0794 
Mg 2.4062 2.2717 2.3401 1.9948 2.1268 
Fe 1. 7297 1.5741 2.2090 2.2178 2. 2077 
Ca 3.6039 3.7064 1.9568 2.0163 2.0168 
K 0 0 0.2716 0.2392 0.2345 
• 
Na 0 0 0.6649 1.0346 0.6802 
• 
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TABLE 11--(Continued) 
• 
Sample II: G3 G3 G3 G3 
Location: Highway 105 Highway 105 Highway 105 Highway 105 
• Mineral: Hornblende Hornblende Hornblende Orthopyr-
4A 4B 4C oxene 1 
Fluid: 2% 1.5% 
• Oxide Wt% 
Si02 44.68 45.89 46.96 51.55 
Al203 9.09 8.79 5.62 0 
Ti02 2.95 2.59 1. 77 0 
MnO 0.37 0 0.34 0.81 
• 
MgO 9.00 9.52 10.92 15.59 
FeO 16.88 17.84 16.03 30.25 
CaO 11.80 12.23 14.78 0.81 
K20 0.95 1.14 0.53 0.24 
Na20 2.18 1.99 1.50 0. 74 
Total 99.90 100.04 99.95 100.03 
• Number of ions 
on the basis of 
24 oxygens 
Si 7.0046 7.0565 7.3127 8.0300 
Al 1. 6 797 1. 5927 1.0316 0 
• Ti 0.3480 0.2990 0. 2077 0 Mn 0.0494 0 0.0447 0.1069 
Mg 2.1030 2.1818 2.5351 3.6209 
Fe 2.2132 2.2941 2.0871 3.9405 
Ca 1.9826 2.0148 2.4660 0.1360 
• 
K 0.1894 0.2240 0.1045 0.0475 
Na 0.6637 0.5935 0.4521 0.2235 
• 
• 
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TABLE 11--(Continued) 
• 
Sample /J: G3 G3 G5B G5B 
Location: Highway 105 Highway 105 Highway 105 Highway 105 
• Mineral: Orthopyr- Orthopyr- Clinopyr- Clinopyr-
oxene 2 oxene 3 oxene lA oxene 2 
Fluid: 
• Oxide Wt% 
Si02 52.00 52.36 53.37 54.43 
Al203 0 0 0.44 0 
Ti02 0 0 0 0 
MnO 0.76 1.36 0.83 0.69 
• 
MgO 16.35 15.51 13.06 12.43 
FeO 28.92 29.32 11.25 10.22 
cao 1.02 0.60 21.06 22.25 
K20 0 0 0 0 
Na20 0.91 0.75 0 0 
Total 99.96 99.91 100.03 100.03 
• Number of ions 
on the basis of 
24 oxygens 
Si 8.0423 8.1133 8.0236 8.1459 
Al 0 0 0.0771 0 
• Ti 0 0 0 0 Mn 0.1000 0.1788 0.1056 0.0876 
Mg 3. 7704 3.5838 2. 9263 2. 7738 
Fe 3.7403 3.7993 1.4137 1. 2788 
Ca 0.1684 0.0989 3. 3912 3.5676 
• 
K 0 0 0 0 
Na 0.2719 0.2246 0 0 
• 
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TABLE 11--(Continued) 
• 
Sample II: G5B G5B G5B G5B 
Location: Highway 105 Highway 105 Highway 105 Highway 105 
• Mineral: Clinopyr- Hornblende Hornblende Hornblende 
oxene 3 1 2 3 
Fluid: 
• Oxide Wt% 
Si02 54.37 46.55 47.84 46.80 
Al203 0 8.83 7.64 9.01 
Ti02 0 1.63 1.64 1.69 
MnO 1.09 0.56 0.46 0.31 
• 
MgO 12.44 11.38 11.14 12.10 
FeO 10.81 15.59 15.21 14.14 
cao 21.20 12.06 12.76 13.03 
K20 0 1.13 1.17 1.02 
Na20 o 2.28 1. 76 1.87 
Total 99.92 100.03 99.61 99.97 
• Number of ions 
on the basis of 
24 oxygens 
Si 8.1568 7.0942 7.2903 7.0815 
• 
Al 0 1.5862 1. 3716 1.6062 
Ti o 0.1865 0.1883 0.1923 
Mn 0.1383 o. 072 7 0.0591 0.0403 
Mg 2.7831 2.5853 2 .5302 2. 7295 
Fe 1. 3565 1.9864 1. 9385 1.7890 
Ca 3.4082 1.9686 2.0830 2 .1121 
• 
K 0 0.2194 0.2273 0.1962 
Na o 0.6722 0. 5210 0. 54 72 
• 
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TABLE !!--(Continued) 
• 
Sample II: G5B G5B G7 G7 
Location: Highway 105 Highway 105 Highway 105 Highway 105 
• Mineral: Orth op yr- Orthopyr- Hornblende Hornblende 
oxene 1 oxene 2 1 2 
Fluid: 
• Oxide Wt% 
Si02 52.74 52.96 45.80 44.94 
Al203 0 0 10.08 8.99 
Ti02 0 0 1.38 1.37 
MnO 1.25 1.04 0.67 0.75 
• 
MgO 18.57 18.15 8.99 8.90 
FeO 25.87 26.32 18.62 19.61 
Cao 0.79 0.65 12.25 12.79 
K20 0 0 0.91 0.96 
Na20 o. 77 0.87 1.54 1. 70 
Total 99.99 100.04 100.24 100.02 
• Number of ions 
on the basis of 
24 oxygens 
Si 8.0387 8.0748 7.0355 6.9990 
Al 0 0 1.8251 1.6504 
• Ti 0 0 0.1597 0.1604 Mn 0.1614 0.1344 0.0872 0.0994 
Mg 4.2204 4.1256 2.0579 2.065 
Fe 3.2976 3.3558 2.3917 2.5536 
Ca 0.1285 0.1053 2.0166 2.1345 
• 
K 0 0 0.1786 0.1912 
Na 0.2289 0.2578 0.4574 0.5121 
• 
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TABLE 11--(Continued) 
• 
Sample I!: G7 G9A G9A G9A 
Location: Highway 105 Highway 105 Highway 105 Highway 105 
• Mineral: Hornblende Hornblende Hornblende Hornblende 
3 1 2 3 
Fluid: 
• Oxide Wt% 
Si02 44.98 44.91 46.51 45.19 
Al203 10.25 9.78 9.53 9.69 
Ti02 1.20 2.35 2.07 2.12 
MnO 0.65 0.51 0.36 0.63 
• 
MgO 8.36 9.36 8.30 8.73 
FeO 18.84 17.65 18.33 18.38 
CaO 12.63 12.75 12. 72 12.31 
K20 0.94 0. 71 0.72 0.91 
Na20 2.15 2.00 1.41 2.02 
Total 100.03 100.02 99.95 99.97 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.9708 6.9169 7.1356 6.9818 
• 
Al 1. 8723 1. 7747 1. 7222 1. 7649 
Ti 0.1394 0. 2718 0.2382 0.2459 
Mn 0.0850 0.0661 0 .04 71 0.0828 
Mg 1. 9309 2.1492 1.8991 2. 0101 
Fe 2.4420 2.2727 2. 3513 2.3742 
Ca 2.0974 2.1041 2.0912 2.0371 
• 
K 0.1855 0.1384 0.1400 0.1789 
Na 0.6453 0.5974 0.4200 0.6061 
• 
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TABLE 11--(Continued) 
• 
Sample#: G52C G52C G52C G52C 
Location: Barnston Barnston Barnston Barnston 
Lake Lake Lake Lake 
• Mineral: Biotite 1 Biotite 2 Biotite 3 Biotite 4 
Fluid: 3% 3% 3.5% 
• Oxide Wt% 
Si02 35. 84 37.28 35.52 35.27 
Al203 18.39 19.20 18.90 18.29 
Ti02 2.61 2.46 2.27 2.87 
MnO 0 0.55 0 0 
• 
MgO 10.20 9.39 10.70 10.31 
FeO 17.53 15.98 17.37 17.89 
Cao 0.86 0.48 0.85 0.82 
K20 9.82 10.04 11.02 9.73 
Na20 1.09 0.93 0 1.19 
Total 99.35 99.31 99.62 99.97 
• Number of ions 
on the basis of 
24 oxygens 
Si 5.4615 5.6229 5.4109 5.3845 
• 
Al 3.3025 3.4133 3.3930 3.3095 
Ti 0.2994 0.2785 0.2604 0.3292 
Mn 0 0.0700 0 0 
Mg 2.3173 2.J..121 2.4296 2.3463 
Fe 2.2335 2.0155 2.2126 2.2833 
Ca 0.1412 0.0780 0.1386 0.1349 
• 
K 1. 9079 1. 9325 2.1411 1.8945 
Na 0.3232 0.2717 0 0.3524 
• 
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TABLE 11--(Continued) 
• 
Sample II G52C G52C G52C G52C G52C 
Location: Barnston Barnston Barnston Barnston Barnston 
Lake Lake Lake Lake Lake 
• Mineral: Biotite 5 Garnet 1 Garnet 2 Garnet 3A Garnet 3B 
core rim 
Fluid: 3.5% 
• Oxide% 
Si02 34. 91 37.57 37.49 38.14 37.51 
Al203 18.78 21.44 21.44 20.84 21.83 
Ti02 2.37 0 0.26 0 0 
MnO 0 2.83 2.55 2.57 2.89 
• 
MgO 10.63 3.78 3.45 3.33 3.57 
FeO 18.65 32.69 33.84 33.81 33.18 
Cao 1.13 1.25 0.90 1.35 1.17 
K20 9.98 0 0 0 0 
Na20 0 0 0 0 0 
Total 99. 96 100.01 99.93 100.03 100.14 
• Number of ions 
on the ·basis of 
24 oxygens 
Si 5.3402 6.0043 6.0046 6.1041 5.9867 
Al 3.3865 4.0376 4.0475 3.9304 4.1056 
• Ti 0.2730 0 0.0311 0 0 Mn 0 0.3831 0.3462 0.3482 0.3901 
Mg 2.4256 0.8993 0.8232 0.7933 0.8484 
Fe 2.3857 4.3688 4.5326 4.5235 4.4286 
Ca 0.1847 0.2144 0.1551 0.2308 0.2004 
K 1.9480 0 0 0 0 
• Na 0 0.1377 0 0 0 
• 
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TABLE 11--(Continued) 
• 
Sample ti: G52C G52C G53A G53A G53A 
Location: Barnston Barnston Barnston Barnston Barnston 
Lake Lake Lake Lake Lake 
• Mineral: Garnet 4 Garnet 5 Biotite 2A Biotite Cordier-
2B ite lA 
Fluid: 3% 3% 
• Oxide Wt% 
Si02 38.69 38.06 36.94 37.39 49.95 
Al203 21.89 20.73 19.97 19.48 33.19 
Ti02 0 0 3. 72 3.51 0 
MnO 2.99 2.63 0.44 0 0.27 
• 
MgO 3.06 3.82 8.03 7.94 8.13 
FeO 32.92 33.88 16.62 17.59 8.36 
CaO 0.43 0.88 0.80 0.94 0 
K20 0 0 9.92 10.17 0 
Na20 0 0 0 0 0 
Total 99.97 100.01 99.44 100.03 99.90 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.1436 6.0904 5.5592 5.6150 6.7383 
• 
Al 4.0957 3. 9103 3.5427 3.4483 5.2763 
Ti 0 0 0.4208 0. 3968 0 
Mn 0.4024 0.3570 0.0558 0 0.0311 
Mg 0. 7232 0.9107 1.8016 1. 7777 1. 6349 
Fe 4. 3711 4.5341 2.0921 2.2087 0.9424 
Ca 0.0723 0.1516 0.1284 0.1512 0 
• 
K 0 0 1.9042 1.9484 0 
Na 0 0 0 0 0 
• 
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TABLE 11--(Continued) 
Sample II: G53A G53A G53A G53A G53A 
Location: Barnston Barnston Barnston Barnston Barnston 
Lake Lake Lake Lake Lake 
• Mineral: Cordierite Cordierite Garnet 1 Garnet 2 Garnet 3 
lB lC 
Fluid: 
• Oxide Wt% 
Si02 50.05 48.27 38.62 40.87 40.08 
Al203 33.56 33.82 22.31 24.02 22.57 
Ti02 0 0 0 0 0 
MnO 0.56 0.83 2.62 1.41 2.56 
• MgO 7.89 8.40 2.73 4.86 2.93 FeO 7.50 8.45 32.40 27.73 30.53 
CaO 0.43 0.17 1.11 1.11 0.66 
K20 0 0 0.24 0 0.14 
Na20 0 0 0 0 0.52 
Total 99.99 99.94 100.03 100.03 100.04 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.7352 6.5529 6.1214 6. 24 72 6.2688 
• 
Al 5.3219 5.4101 4.1687 4.3264 4.1614 
Ti 0 0 0 0 0 
Mn 0.0637 0.0955 0.3517 0.1831 0.3387 
Mg 1.5829 1.6997 0.6442 1.1068 0.6835 
Fe 0.8440 0.9589 4.2950 3.5440 3.9937 
Ca 0 0.0246 0.1884 0.1818 0.1107 
• 
K 0 0 0.0488 0 0.0284 
Na 0 .1117 0 0 0 0.1580 
• 
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TABLE 11--(Continued) 
Sample II: G55A G55A G55A G55A G55A 
Location: Barnston Barnston Barnston Barnston Barnston 
Lake Lake Lake Lake Lake 
• Mineral: Biotite Biotite Biotite Cordierite Cordierite 
1 2 3 lA 1B (rim) 
Fluid: 3% 3.75% 3.5% 
• Oxide Wt% 
SiOz 37.10 36.00 36.82 49. 72 49.81 
Alz03 20.49 20.04 19. 72 33.40 33.10 
Ti02 2.30 2.98 3.11 0 0.22 
MnO 0 0 0 0 0 
• 
MgO 9.65 9.83 10.48 8.74 9.27 
FeO 15.79 15.54 15. 77 7.00 6.48 
CaO 1.15 1.26 0.73 0.14 0 
KzO 9.48 9.93 9.80 0.14 0 
Na20 1.17 1.26 0 0.87 1.20 
Total 100.12 100.00 99.93 100.03 100.08 
• Number of ions 
on the basis of 
24 oxygens 
Si 5.9407 5.4314 5.5129 6.6872 6.6835 
• 
Al 3.8666 3.5625 3.4807 5.2937 5.2346 
Ti 0.2767 0.3375 o. 3496 0 0.0219 
Mn o o o 0 0 
Mg 2.3041 2.2099 2.3390 1. 7532 1.8536 
Fe 2.1142 1. 9603 1. 9746 o. 7871 o. 7271 
Ca 0.1964 0.1084 0.1172 0.0197 0 
• 
K 1.9354 1. 9107 1.8720 0.0232 0 
Na 0.3644 0.3692 0 0.2261 0.3123 
• 
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TABLE 11--(Continued) 
• 
Sample II: G55A G55A G55A G55A G55A 
Location: Barnston Barnston Barnston Barnston Barnston 
Lake Lake Lake Lake Lake 
• Mineral: Cordierite Cordierite Cordierite Garnet 1 Garnet 2 
2A 2B (rim) 3 
Fluid: 
• Oxide Wt% 
Si02 49.45 49.85 50.59 40.17 38.62 
Al203 33.95 33.95 34.17 21.23 22.80 
Ti02 0 0 0 0 0 
MnO 0 0 0.32 2.21 2.59 
• 
MgO 8.45 8.53 8.25 4.03 3.69 
FeO 7.49 7.00 6.25 30.73 31. 72 
cao 0.20 0 0.16 1.41 0.59 
K20 0 0.13 0 0 0 
Na20 0.48 0.47 9 0 0 
Total 100.02 99.94 99. 74 99.77 100.02 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.6508 6.6899 6.7625 6.3026 6.0819 
• 
Al 5.3812 5.3701 5.3822 3.9257 4.2314 
Ti 0 0 0 0 0 
Mn 0 0 0.0363 0.2930 0.3453 
Mg 1. 6936 1. 707 3 1.6434 0.9437 0.8673 
Fe 0.8420 0.7851 0.6985 4.0326 4.1765 
Ca 0.0282 0 0.0232 0.2367 0.0998 
• 
K 0 0.0221 0 0 0 
Na 0.1250 0.1226 0 0 0 
• 
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TABLE 11--(Continued) 
• 
Sample II: G55A G62E G62E G63A G63A 
Location: Barnston Wegg Lake Wegg Lake Wegg Lake Wegg Lake 
Lake 
• Mineral: Garnet 3 Biotite Cordierite Biotite 1 Biotite 2 
Fluid: 1.26% 1.2% 3% 
• Oxide Wt% 
Si02 39. 72 36.05 48.98 35.75 34.86 
Al203 22.14 18.59 32.79 17.54 17.27 
Ti02 0 3.45 0 3.63 3.04 
MnO 2.02 0 0.66 0 0 
• 
MgO 3.89 8.33 7.48 9.58 12.09 
FeO 30. 96 20.94 9.93 20.59 17.89 
Cao 0.98 0 0 0.96 0.78 
K20 0 10.15 0 10.07 10.59 
Na20 0 1.23 0 0.70 0.61 
Total 99. 72 100.00 99.90 100.02 100.13 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.2288 5.4416 6.4028 5.8128 5.3205 
• 
Al 4.0924 3.3073 5.0514 3.3617 3.1062 
Ti 0 0.3910 0 0.4433 0.3492 
Mn 0.2676 0 0. 0735 0 0 
Mg 0.9100 1.8750 1.4567 2.3227 2.7510 
Fe 4.0605 2.6422 1.0850 2.7991 2.2829 
Ca 0.1653 o 0 o .16 77 0.1274 
• 
K o 1. 9536 o 2.0889 2.0610 
Na o 0.3588 0 0.2218 0.1798 
• 
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TABLE 11--(Continued) 
• 
Sample II: G63A G63A G63A G63A G68B 
Location: Wegg Lake Wegg Wegg Lake Wegg Goose-Wilcox 
Lake Lake Lakes 
• Mineral: Biotite 3 Garnet 1 Garnet 2 Garnet 3 Biotite lA 
Fluid: 3% 3% 
• Oxide Wt% 
Si02 36.79 38.32 37.90 37.32 38.21 
Al203 16.51 21.24 22.40 20.88 22.01 
Ti02 3.24 0 0.23 0.23 3.27 
MnO 0 1. 76 2.18 1.34 0 
• 
MgO 11.33 5.55 5.80 5.78 8.47 
FeO 17.30 31.63 30.08 32.23 15.11 
cao 0.90 1.48 1. 39 1.69 0.20 
K20 10.76 0 0 0 9.55 
Na20 0 0 0 0.53 0 
Total 99.83 99.99 100.04 100.04 99.81 
• Number of ions 
on the basis of 
24 oxygens 
Si 5.5851 6.0508 5.9491 5.9346 5.6232 
Al 2.9535 3.9530 4.1444 3.9130 3.8168 
• Ti 0.3699 0 0. 02 71 0.0275 0.3615 Mn 0 0.2347 0.2899 0.1803 0 
Mg 2.5653 1.3068 1.3583 1.3699 1.8594 
Fe 2.1957 4.1766 3.9484 4.2852 1.8589 
Ca 0.1464 0.2504 0.2339 0.2882 0.0321 
K 2.0833 0 0 0 1. 7932 
• Na 0 0 0 0.1646 0 
• 
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TABLE 11--(Continued) 
• 
Sample II: G68B G68B G68B G68B 
Location: Goose-Wilcox Goose-Wilcox Goose-Wilcox Goose-Wilcox 
Lakes Lakes Lakes Lakes 
• Mineral: Biotite 1B Biotite 2 Biotite 3A Biotite 3B 
Fluid: 3% 3% 3% 
• Oxide Wt% Si02 37.44 37.01 38.24 37 .02 
Al203 21.39 19.92 20.18 19.22 
Ti02 3.18 4.01 2.79 2.78 
MnO 0 0 0 0.34 
• 
MgO 9.30 8.62 10. 71 10.60 
FeO 15.31 19.43 13.83 15.20 
CaO 0.92 0.48 0.82 0.49 
K20 9.73 11.27 10.23 9.86 
Na2o 0 0 0.78 1.19 
Total 100.26 100.74 100.59 99.71 
• Number of ions 
on the basis of 
24 oxygens 
Si 5.5260 5.8412 5.6196 5.5448 
Al 3. 7211 3.7044 3.4951 3.3928 
• Ti 0.3533 0.4760 0.3087 0.3133 Mn 0 0 0 0.0428 
Mg 2.0457 2.0281 2.3458 2.3670 
Fe 1.8901 2.5643 1.6995 1. 9038 
Ca 0.1449 0.0815 0.1291 0.0792 
K 1.8314 2.2697 1.9180 1.8835 
• Na 0 0 0.2230 0.3444 
I 
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TABLE 11--(Continued) 
• 
Sample II: G68B G68B G68B G68B 
Location: Goose-Wilcox Goose-Wilcox Goose-Wilcox Goose-Wilcox 
Lakes Lakes Lakes Lakes 
• Mineral: Cordierite Cordierite Cordierite Cordierite 
2A 2B 3A 3B 
Fluid: 
• Oxide Wt% 
Si02 50.28 49. 71 48.42 48.85 
Al203 34.11 34.12 34.00 33.61 
Ti02 0 0 0 0 
MnO 0 0 0.42 0 
• 
MgO 7.61 7.59 7.57 7.96 
FeO 7.94 7.97 9.09 8.62 
Cao 0 0 0 0.25 
K20 0 0 0 0.12· 
Na20 0 0.63 0.49 0.57 
Total 99.93 100. 01. 100.04 100.04 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.7474 6.6905 6.5775 6.6202 
• 
Al 5.3946 5. 4119 5.4441 5.3673 
Ti 0 0 0 0 
Mn 0 0 0.0488 0 
Mg 1. 5226 1.5224 1.5328 1.6091 
Fe 0.8905 0. 8968 1.0327 0.9768 
Ca 0 0 0 0.0364 
• 
K 0 0 0 0.0212 
Na 0 0.1635 0.1285 0.1509 
• 
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TABLE 11--(Continued) 
• 
Sample II: G68B G68B G68B G68B 
Location: Goose-Wilcox Goose-Wilcox Goose-Wilcox Goose-Wilcox 
Lakes Lakes Lakes Lakes 
• Mineral: Cordierite Cordierite Garnet 1 Garnet 2 
4A 4B 
Fluid: 
• Oxide Wt% 
Si02 49.73 49.99 39.33 37.88 
Al203 33.57 32.85 22.18 21.90 
Ti02 0 0 0 0 
MnO 0 0 0.88 0.95 
• 
MgO 8.04 7.22 4.04 3.06 
FeO 8.66 9.04 32.50 35 .47 
cao 0 0.12 1.06 0.74 
K20 0 0.16 0 0 
Na20 0 0.46 0 0 
Total 100.04 99.84 100.04 100.04 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.7039 6. 7761 6.1706 6.0495 
Al 5.3336 5.2486 4.1019 4.1207 
• Ti 0 0 0 0 Mn 0 0 0.1175 0.1285 
Mg 1. 6154 1.4589 0.9456 0. 7274 
Fe 0.9762 1.0243 4.2642 4.7364 
Ca 0 0.0170 0.1783 0 .1272 
• 
K 0 0.0273 0 0 
Na 0 0.1215 0 0 
• 
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TABLE 11--(Continued) 
• 
Sample II: G68B G69A G69A G69A G69A 
Location: Goose-Wilcox Wilcox Wilcox Wilcox Wilcox 
Lakes Lake Lake Lake Lake 
• Mineral: Garnet 3 Biotite Biotite Biotite Biotite 
la lB 2 3 
Fluid: 3% 3% 3.65% 3% 
• Oxide Wt% 
Si02 38.60 37.22 37 .11 40.13 36.06 
Al203 22.14 17.60 17.24 16.57 17.48 
Ti02 0 3.91 3.83 3.32 2.69 
MnO 0.70 0 0 0 0 
• 
MgO 4.34 9.52 9. 71 10.95 13.27 
FeO 32. 77 18.11 18.67 14.85 14. 70 
CaO 0.46 0 0.21 0.99 0.76 
K20 0 10.57 10.13 9.54 10.75 
Na20 0.98 0 0 0 1.00 Total 100.04 99.94 99.90 100.00 99.70 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.0849 5.6260 5.6195 5.9565 5.4413 
• 
Al 4.1131 3.1346 3.0765 2.8985 3.1079 
Ti 0 0.4446 0.4364 0.3701 0.3056 
Mn 0.0928 0 0 0 0 
Mg 1. 0205 2.1456 2.1917 2.4238 2.9857 
Fe 4.3187 2.2892 2. 3638 1.8428 1.8544 
Ca 0.0781 0 0.0334 0.1570 0.1224 
• 
K 0 2.0380 1. 9564 1.8060 2.0701 
Na 0.3003 0 0 0 0.2922 
• 
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TABLE 11--(Continued) 
• 
Sample II: G69A G69A G69A G69A G69A 
Location: Wilcox Wilcox Wilcox Wilcox Wilcox 
Lake Lake Lake Lake Lake 
• Mineral: Biotite Cordierite Cordierite Cordierite Cordierite 
4 lA 1B 2 3 
Fluid: 3% 
• Oxide Wt% 
Si02 37.54 49.63 48.28 49.56 47.84 
Al203 16.94 33.59 33.01 34.18 33.67 
Ti02 3.45 0 0.45 a a 
MnO 0.33 a. 79 0.42 0 0 
• 
MgO 12.37 9.35 9.48 9.73 10.37 
FeO 14.68 6.65 7.32 5.88 7.94 
Cao 0.82 0 0 0 0 
K20 10.80 0 0 0.17 0 
Na2o 0 0 0.88 0 0 
Total 99.93 100.02 99.84 99.52 99.83 
• Number of ions 
on the basis of 
24 oxygens 
Si 5.6221 6.6612 6.5447 6.6419 6.4757 
• 
Al 2.9904 5.3136 5.2734 5.3992 5. 3712 
Ti 0.3882 0 0.0454 0 0 
Mn 0.0413 0.0898 0.0485 0 0 
Mg 2.7624 1.8706 1. 9157 1.9435 2.0931 
Fe 1.8386 0.7465 0.8292 0.6594 0.8984 
Ca 0.1323 0 0 0 0 
• 
K 2.0631 0 0 0.0284 0 
Na 0 0 0.2317 0 0 
• 
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TABLE 11--(Continued) 
• 
Sample II: G69A G69A G69A G69A G69A G79A 
Location: Wilcox Wilcox Wilcox Wilcox Wilcox Wilcox 
Lake Lake Lake Lake Lake Lake 
• Mineral: Cordierite Garnet Garnet Garnet Garnet Biotite 
4 1 2 3 4 1 
Fluid: 3% 
• 
Oxide Wt% 
Si02 49.89 37.08 39.57 37 .00 36.71 35.83 
Al203 33.52 21. 70 22.26 21.68 21.49 16.52 
Ti02 0 0 0 0 0 5.74 
MnO 0.38 1.17 1. 72 1.06 1.23 0 
• 
MgO 7.51 7.00 5.75 5.67 4. 73 10.84 
FeO 7.91 31.86 29.17 32.66 34.79 15.87 
cao 0 0.92 1.14 0.93 0.97 1.01 
K20 0 0 0 0 0 10.35 
Na20 0.53 0 0 0.76 0 0.53 
Total 99.80 99.72 99.60 99.76 99.90 99.68 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.4603 5. 8712 6.1616 5.8912 5.8885 5.4300 
• 
Al 5.1144 4.0488 4.0853 4.0688 4.0622 2. 9496 
Ti 0 0 0 0 0 0.6535 
Mn 0.0415 0 .15 71 0.2263 0.1428 0.1667 0 
Mg 1.4500 1.6527 1.3345 1. 3463 1.1302 2.4493 
Fe 0.8565 4.2187 3.7981 4.3486 4.6661 2.0106 
Ca 0 0.1555 0.1895 0.1592 0.1663 0.1634 
• 
K 0 0 0 0 0 2.0009 
Na 0.1340 0 0 0.2343 0 0.1547 
• 
• 
• 267 
• 
TABLE 11--(Continued) 
• 
Sample#: G79A G79A G79A G79A G79A G79A 
Location: Wilcox Wilcox Wilcox Wilcox Wilcox Wilcox 
Lake Lake Lake Lake Lake Lake 
• Mineral: Biotite Biotite Biotite Biotite Biotite Biotite 
2A 2B 2C 3 4 5 
Fluid: 3% 3% 3% 3% 3% 3% 
• 
Oxide Wt% 
Si02 38.30 35.47 40.30 36.20 36.47 37.27 
Al203 16.54 16.36 15.28 16.18 16.19 16.67 
Ti02 5.26 5.64 4.75 4.92 4.30 4. 77 
MnO 0 0 0 0 0.41 0.30 
• 
MgO 10.39 12.06 10.50 12.43 12.39 11.23 
FeO 14.67 15.67 15.07 15.34 14.97 15.20 
Cao 1.07 0.81 0.85 0.80 0.96 1.01 
K20 10.74 9.45 10.03 10.21 10.30 10.02 
Na20 0 1.61 0 0.67 0.76 0 
Total 99.98 100.07 99. 77 99.76 99.76 99.47 
• Number of ions 
on the basis of 
24 oxygens 
Si 5. 7175 5.3493 5.9858 5.4620 5.5059 5.6030 
Al 2.9096 2.9079 2.6754 2.8773 2.8808 2.9531 
• Ti 0.5901 0.5302 0.5302 0.5600 0.4885 0.5397 Mn 0 0 0 0 0.0529 0.0382 
Mg 2.3126 2. 7112 2.3253 2.7949 2.7880 2.5183 
Fe 1.8315 1. 9758 1. 8713 1. 9354 1.8901 1.9108 
Ca 0.1716 0.1349 0.1349 0.1285 0.1553 0.1632 
K 2.0452 1.8998 1.8998 1. 9654 1. 9835 1. 9208 
• Na 0 0 0 0.1965 0.2218 0 
• 
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TABLE 11--(Continued) 
• 
Sample II: G79A G79A G79A G79A G79A G79A 
Location: Wilcox Wilcox Wilcox Wilcox Wilcox Wilcox 
• 
Lake Lake Lake Lake Lake Lake 
Mineral: Biotite Biotite Biotite Biotite Cordier- Cordier-
6 7A 7B 8 ite lA ite lB 
Fluid: 3% 3% 3% 3% 
• Oxide Wt% 
Si02 37.01 35.52 36.89 37.48 46.56 48.11 
Al203 16.35 15.68 17.16 16.70 37. 77 37.02 
Ti02 4.11 6.47 4.97 4.85 0 0 
MnO 0 0 0 0.58 0.25 0 
• MgO 13. 37 10.65 11.07 11. 76 8.15 7.89 FeO 15.17 15.97 15.75 15.04 6.55 6. 77 
CaO 1.08 0.86 0.68 0.65 0 0 
K20 9.76 10.19 10.62 9.87 0.13 0.21 
Na20 0 1. 34 0 0 0.57 0 
Total 99.85 99.68 100.14 99.94 100.04 100.04 
• Number of ions 
on the basis of 
24 oxygens 
Si 5.5385 5.4055 5.5330 5.600 6.2647 6.4422 
• 
Al 2. 8843 2.8123 3.0322 2.9403 5.9894 5.8425 
Ti 0.4627 0.7403 0.5600 0.5444 0 0 
Mn 0 0 0 0.0737 0.0287 0 
Mg 2.9821 2.4155 2.4756 2.6201 1.6338 1.5760 
Fe 1.8985 2.0319 1. 97 5 7 1.8793 0.7373 0.7579 
Ca 0.1727 0.1406 0.1085 0.1038 0 0 
• 
K 1. 8630 1. 9775 2.0319 1.8810 0.0229 0.0354 
Na 0 0.3967 0 0 0.1497 0 
• 
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TABLE 11--(Continued) 
• 
Sample ti: G79A G79A G79A G79A G79A 
Location: Wilcox Wilcox Wilcox Wilcox Wilcox 
Lake Lake Lake Lake Lake 
• Mineral: Cordier- Cordier- Cordier- Cordier- Cordier-
ite lC ite 2A ite 2B ite 2C ite 3 
Fluid: 
• Oxide Wt% 
Si02 49.09 49.78 50.45 46.78 50.65 
Al203 33.78 34.60 33.22 38.00 33.28 
Ti02 0 0.44 0 0 0 
MnO 0 0 0 0 0 
• 
MgO 8.76 8.22 9.15 7.74 8.47 
FeO 7.55 6.52 7.17 6.36 7.50 
Cao 0 0 0 0 0 
K20 0 0.28 0 0.26 0 
Na2o 0.82 0 0 0.83 0 
Total 100.04 99.83 100.04 99.98 99.89 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.6164 6.6641 6.7537 6.2874 6.7902 
• 
Al 5.3655 5. 4596 5.2416 6.0190 5.2576 
Ti 0 0.0438 0 0 0 
Mn 0 0 0 0 0 
Mg 1. 7599 1. 6412 1. 8272 1.5505 1. 6925 
Fe 0.8513 0. 72 98 0.8028 0. 7151 0.8404 
Ca 0 0 0 0 0 
• 
K 0 0.0470 0 0.0448 0 
Na 0.2149 0 0 0.2166 0 
• 
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TABLE 11--(Continued) 
• 
Sample II: G79A G79A G79A G79A G79A G79A 
Location: Wilcox Wilcox Wilcox Wilcox Wilcox Wilcox 
Lake Lake Lake Lake Lake Lake 
• Mineral: Cordierite Garnet Garnet Garnet Garnet Garnet 
4 lA 1B lC 2 3 
Fluid: 
• Oxide Wt% 
Si02 49.47 37.47 39.11 38. 70 36.56 37.60 
Al203 34.23 22.16 22.13 22.30 21.47 22.26 
Ti02 0 0.35 0 0 0.30 0.39 
MnO 0.27 0 0.57 0.67 0.61 0.86 
• 
MgO 8.64 5.24 6.24 6.85 6.59 6.42 
FeO 7.39 31.80 30.93 29.91 32.96 30.59 
Cao 0 1.56 1.03 0.79 0.78 0.56 
K20 0 0 0 0 0 0 
Na20 0 0 0 0.84 0.68 1.45 
Total 100.04 99.92 100.04 100.03 99.94 100.13 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.6432 5. 9215 6.0920 6.0255 5.8143 5. 8971 
• Al 5.4163 4.1281 4.0621 4.0787 4.0236 4.1141 Ti 0 0.0420 0 0 0.0360 0.0455 
Mn 0.0307 0.1794 0.0746 0.0886 0.0818 0.1138 
Mg 1. 7288 1. 2353 1.4481 1.5900 1.5614 1.5021 
Fe 0.8294 4.2023 4.0284 3.8938 4.3831 4.0115 
Ca 0 0.2633 0.1713 0.1314 0.1320 0.0947 
• K 0 0 0 0 0 0 Na 0 0 0 0.2537 0.2104 0.4424 
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TABLE 11--(Continued) 
• 
Sample II: G79A G79A G79A G89 G89 G89 
Location: Wilcox Wilcox Wilcox Goose Goose Goose 
Lake Lake Lake Lake Lake Lake 
• Mineral: Garnet Garnet Hercyn- Biotite Garnet Garnet 
4 5 ite 1 1 2 
Fluid: 3.3% 
• Oxide Wt% 
Si02 38.43 38. 77 0 34.82 36.84 36.53 
Al203 21.37 22.22 60.90 18.64 22.18 21.81 
Ti02 0.82 0 0 2.69 0.25 0 
MnO 0.40 0.62 0 0 5.30 5.30 
• 
MgO 6.54 6.73 4.86 10.86 3.74 4.41 
FeO 31.27 30.74 30.18 17.64 30. 71 29.76 
Cao 1.08 0.82 0 0.89 0.98 1.39 
K20 0 0 0 10. 32 0 0 
Na20 0 0 4.06 0.84 0 0.85 
Total 99.90 99.89 100.04 100.00 100.04 100.05 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.0179 6.0438 0 5.3157 5.8924 5.8502 
Al 3.9434 4.0818 11.9558 3.3548 4 .1811 4.1150 
• Ti 0.0970 0 0 0.3087 0.0299 0 Mn 0.0524 0.0821 0 0 0. 7178 0. 7186 
Mg 1. 5262 1.5635 1.2061 2.4710 0.8908 1.0538 
Fe 4.0956 4.0070 4.2039 2.2522 4.1066 3.9841 
Ca 0.1805 0.1367 0 0.1462 0.1681 0.2385 
• 
K 0 0 0 2.0102 0 0 
Na 0 0 1. 3119 0.2484 0 0.2638 
• 
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TABLE 11--(Continued) 
• 
Sample If: G98C G98C G98C G98C G98C 
Location: Wegg Wegg Wegg Wegg Wegg 
Lake Lake Lake Lake Lake 
• Mineral: Biotite Biotite Cordier- Cordier- Cordier-
1 2 ite lA ite lB ite 2A 
Fluid: 3% 3% 
• Oxide Wt% 
Si02 34. 98 35.91 50.78 49.37 49.03 
Al203 19.05 18.10 32.99 32.90 33.92 
Ti02 2.70 3.02 0 0 0 
MnO 0 0 0 0 0.30 
MgO 11.09 10.91 8.49 9.05 8.80 
FeO 17.51 16. 96 7.74 8.04 7.75 
Cao o. 72 0.44 0 0 0 
K20 9.78 10.42 0 0 0.19 
Na20 0.54 1.07 0 0.48 0 
Total 99.36 99.84 100.01 99.85 99.99 
• Number of ions 
on the basis of 
24 oxygens 
Si 5.3249 5.4468 6.8083 6 .6720 6.6103 
Al 3.4178 3.2352 5.2124 5.2462 5.3905 
• Ti 0.3088 0.3448 0 0 0 Mn 0 0 0 0 0.0341 
Mg 2.5161 2.4665 1.6964 1.8232 1.7688 
Fe 2.2286 2.1509 0.8680 0.9090 0.8741 
Ca 0 ,1172 0.0720 0 0 0 
• 
K 1. 8989 2.0158 0 0 0.0327 
Na 0.1584 0.3153 0 0.1263 0 
• 
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TABLE 11--(Continued) 
• 
Sample II: G98C G98C G98C G98C G98C G98C 
Location: Wegg Wegg Wegg Wegg Wegg Wegg 
Lake Lake Lake Lake Lake Lake 
• Mineral: Cordier- Cordier- Cordier- Garnet Garnet Garnet 
ite 2B ite 3A ite 3B 1 2A 2B 
Fluid: 
• Oxide Wt% Si02 49. 96 49.54 48.88 37.66 38.24 38.32 
Al203 33.13 32.88 34.27 21.66 22.01 21.09 
Ti02 0 0 0 0 0 0.27 
MnO 0 0 0 2.36 2.33 2.79 
• 
MgO 9.12 9.18 8.64 4.22 3.74 3.94 
FeO 7.87 8.06 8.22 32.88 32.33 32.66 
Cao 0 0.14 0 1.23 1.41 0.89 
K20 0 0 0 0 0 0 
Na20 0 0 0 0 0 0 
Total 100.09 99.79 100.00 100.01 100.05 99. 96 
• Number of ions 
on the basis of 
24 oxygens 
Si 6. 7106 6.6878 6.5871 5. 9968 6.0586 6.0976 
Al 5.2447 5.2312 5.4427 4.0649 4 .1096 3.9544 
• Ti 0 0 0 0 0 0.0322 Mn 0 0 0 0.3189 0.3126 0.3765 
Mg 1.8272 1. 8473 1. 7353 1.0019 0.8828 0.9337 
Fe 0.8843 0.9101 0.9261 4.3778 4.2829 4.3460 
Ca 0 0.0199 0 0.2100 0.2397 0.1522 
K 0 0 0 0 0 0 
• Na 0 0 0 0 0 0 
• 
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TABLE 11-- (Continued) 
• 
Sample II: Gl02 Gl02 Gl02 Gl02 
Location: Near Camp- Near Camp- Near Camp- Near Camp-
ing Lake ing Lake ing Lake ing Lake 
• Mineral: Biotite 1 Biotite 2 Biotite 3 Garnet 1 
Fluid: 3.5% 3.5% 3.5% 
• Oxide Wt% 
Si02 35.05 36.95 35.86 37.51 
Al2o3 19.91 20.74 20.91 21.54 
Ti02 1.13 2.24 1.58 0 
MnO 0 0 0.61 3.03 
• 
MgO 11. 37 8.20 9.20 3.70 
FeO 16.81 18.15 17.72 33.62 
Cao 1.12 0.61 0.69 0.36 
K20 10.57 10.70 9.94 0.20 
Na20 0.58 0 0 0 
Total 100.04 100.09 100.03 99.97 
• Number of ions 
on the basis of 
24 oxygens 
Si 5.3322 5.4587 5.4308 6.0084 
• 
Al 3.5685 3. 7109 3.7324 4.0656 
Ti 0 .1296 0.2552 0.1798 0 
Mn 0 0 0.0787 0.4116 
Mg 2.5779 1.8556 2. 0779 0.8844 
Fe 2 .1377 2.3045 2.2443 4.5024 
Ca 0.1821 0.0988 0.1125 0.0612 
• 
K 2.0516 2. 0724 1.9202 0.0408 
Na 0 .1722 0 0 0 
• 
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TABLE 11--(Continued) 
• 
Sample 11: Gl02 Gl02 Gl03A G103A 
Location: Near Camp- Near Camp- Near Camp- Near Camp-
• 
ing Lake ing Lake ing Lake ing Lake 
Mineral: Garnet 2 Garnet 3 Biotite lA Biotite lB 
Fluid: 3% 3% 
• Oxide Wt% 
Si02 35.67 38.34 36.58 35.36 
Al203 21.64 21.33 20.66 21.80 
Ti02 0.38 0 1. 75 1.09 
MnO 2.45 2.37 0 0.45 
• 
MgO 4.10 3.41 7.80 7.85 
FeO 34.47 33.70 19. 92 19.31 
Cao 0.56 0.88 0.95 0.80 
K20 0 0 8.96 9.26 
Na2o 0.76 0 0 0.90 
Total 100.03 100.04 99.61 99.83 
• Number of ions 
on the basis of 
24 oxygens 
Si 5.7640 6.1093 5.5359 5.3701 
• 
Al 4.1221 4.0062 3.6852 3.9017 
Ti 0.0463 0 0.1986 0.1248 
Mn 0.3355 0.3203 0 0.0582 
Mg 0.9881 0.8106 1. 7589 1. 7771 
Fe 4. 65 72 4.4905 2.5203 2.4525 
Ca 0.0963 0.1502 0.1544 0.1294 
• 
K 0 0 1. 7288 1. 7929 
Na 0.2370 0 0 0.2659 
• 
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TABLE 11--(Continued) 
• 
Sample II: Gl03A G103A G103A G103A 
Location: Near Camp- Near Camp- Near Camp- Near Camp-
ing Lake ing Lake ing Lake ing Lake 
• Mineral: Biotite 2 Biotite 3 Biotite 4 Biotite 5 
Fluid: 3% 3% 3% 3% 
• Oxide Wt% 
Si02 35.62 34.97 35.54 35.84 
Al203 19.39 18.57 20.49 19.49 
Ti02 3.14 2.33 2.18 2.88 
MnO 0.26 0.24 0 0.45 
• 
MgO 7.79 8.01 7.80 8.31 
FeO 19.84 20.39 19.89 17.91 
cao 0. 72 1.07 0.70 0.92 
K20 · 10.18 9.64 10.31 10.19 
Na2o 0 1.67 0 0.82 
Total 99.93 99.89 99.91 99.82 
• Number of ions 
on the basis of 
24 oxygens 
Si 5.4387 5.3916 5.4186 5.4528 
• 
Al 3.4886 3.3748 3.6806 3.4945 
Ti 0.3599 0.2703 0.2493 0.3291 
Mn 0.0330 0.0312 0 0.0574 
Mg 1. 7736 1.8418 1. 7732 1.8855 
Fe 2.5334 2.6291 2.5J55 2.2785 
Ca 0.1180 0.1773 0 .114 7 0.1493 
• 
K 1.9825 1. 8958 2.0048 1.9782 
Na 0 0.4984 0 0.2412 
• 
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TABLE 11--(Continued) 
• 
Sample II: Gl03A Gl03A Gl03A G103A 
Location: Near Camp- Near Camp- Near Camp- Near Camp-
ing Lake ing Lake ing Lake ing Lake 
• Mineral: Cordierite Cordierite Cordierite Cordierite 
lA 1B 2 3A 
Fluid: 
• Oxide Wt% 
Si0z 49.21 48. 71 48.89 48.79 
Alz03 33.67 33. 72 33.42 33.50 
TiOz 0 0 0 0 
MnO 0.45 0.31 0.43 0.43 
• 
MgO 8.20 7.58 7. 77 7.95 
FeO 8.47 9.62 9.03 8.92 
Cao 0 0 0 0 
K20 0 0 0 0 
Na20 0 0 0.43 0.40 
Total 100.00 99.94 99.96 100.03 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.6489 6.6191 6.6376 6.6203 
• 
Al 5.3616 5.3989 5.3474 5.3574 
Ti 0 0 0 0 
Mn 0.0512 0.0352 0.0494 0.0498 
Mg 1.6519 1. 5347 1.5723 1.6085 
Fe 0.9564 1.0932 1.0251 1.0116 
Ca 0 0 0 0 
• 
K 0 0 0 0 
Na 0 0 0.1129 0.1060 
• 
• 
• 278 
• 
TABLE 11--(Continued) 
• 
Sample II: Gl03A Gl03A Gl03A Gl03A 
Location: Near Camp- Near Camp- Near Camp- Near Camp-
ing Lake ing Lake ing Lake ing Lake 
• Mineral: Cordierite Cordierite Cordierite Garnet 1 
3B 4A 4B 
Fluid: 
• Oxide Wt% Si02 48.31 49.26 49.48 38.80 
A12o3 33.52 33.31 33.23 22.05 
Ti02 0 0 0 0 
MnO 0.42 0 0.23 2.03 
• 
MgO 7.76 7.52 7.41 2.62 
FeO 9.36 9.95 9.51 23.42 
CaO 0.18 0 0 1.01 
K20 0 0 0 0 
Na20 0.62 0 0 0 
Total 100.16 100.03 99.86 99.93 
• Number of ions 
on the basis of 
24 oxygens 
Si 6.5727 6.6819 6. 7134 6.1573 
Al 5.3737 5.3246 5.3127 4.1235 
• Ti 0 0 0 0 Mn 0.0480 0 0.0269 0. 2 725 
Mg 1. 5731 1. 5201 1.4980 0.6202 
Fe 1.0645 1.1288 1.0790 4.4349 
Ca 0.0269 0 0 0.1722 
K 0 0 0 0 
• Na 0.1622 0 0 0 
• 
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TABLE 11--(Continued) 
Sample II: Gl03A Gl03A G103B Gl03B 
Location: Near Camp- Near Camp- Near Camp- Near Camp-
• ing Lake ing Lake ing Lake ing Lake 
Mineral: Garnet 2 Garnet 3 Cordierite Cordierite 
lA lB 
Fluid: 
• Oxide Wt% 
Si02 37.30 36.85 59.08 48.26 
Al203 21.45 21.51 33.15 33.44 
Ti02 0 0 0.35 0 
• 
MnO 2.06 2.27 0 0. 74 
MgO 3.02 2.95 8.41 8.60 
FeO 35.16 35.28 8.08 8.75 
Cao 0.97 0.98 0 0 
K20 0 0.16 0 0.20 
Na20 0 0 0.94 0 
• 
Total 99.97 100.04 100.04 100.04 
Number of ions 
on the basis of 
24 oxygens 
Si 5.9994 5.9474 6.6369 6.5615 
• Al 4.0661 4.0925 5.2828 5. 3572 Ti 0 0 0.0354 0 
Mn 0.2809 0.3107 0 0.0850 
Mg 0.7250 0.7089 1.6947 1. 7433 
Fe 4. 7281 4.7613 0.9133 0.9952 
Ca 0.1676 0.1691 0 0 
• K 0 0.0324 0 0.0346 Na 0 0 0.2455 0 
• 
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TABLE 11--(Continued) 
• Sample II: G103B Gl03B G106B Gl06B G106B 
Location: Near Camp- Near Camp- Chukuni Chukuni Chukuni 
ing Lake ing Lake River River River 
• Mineral: Cordierite Cordierite Cordier- Cordier- Cordier-2A 2B ite 3A ite 3B ite 4 
Fluid: 
Oxide Wt% 
• Si02 48.96 49.49 47.74 49. 71 48.61 
Al203 34. 33 33.70 33.76 33.12 33.09 
Ti02 0 0 0 0 0 
MnO o. 34 0.31 0 0.33 0.88 
MgO 8.43 8.54 8.03 7.88 8.20 
• 
FeO 7.50 7.61 9. 79 8.28 8.57 
CaO 0.41 0.37 0 0 0.16 
K20 0 0 0 0.26 0 
Na20 0 0 0.68 0.41 0.49 
Total 99.98 100.06 100.04 100.04 100.04 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 6.5950 6.3867 6. 5114 6. 7220 6.6101 
Al 5.4488 5.1257 5.4259 5.2777 5.3032 
• 
Ti 0 0 0 0 0 
Mn 0.0389 0.0338 0 0. 0377 0.1009 
Mg 1.6932 1.6427 1. 6318 1.5893 1.6614 
Fe 0.8448 0.8208 1.1169 0.9366 0.9746 
Ca 0.0594 0.0514 0 0 0.0228 
K 0 0 0 0.0440 0 
• 
Na 0 0 0.1787 0.1072 0.1299 
• 
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TABLE 11--(Continued) 
• Sample II: LS LB LB LS LS LB 
Location: Highway Highway Highway Highway Highway Highway 
599 599 599 599 599 599 
• 
Mineral: Amphi- Amphi- Amphi- Amphi- Feld- Feld-
bole 1 bole 2 bole 3 bole 4 spar 1 spar 2 
Fluid: 
Oxide Wt% 
• Si02 47.19 45. 72 49.58 43.38 63.53 67.56 Alz03 5. 97 10.62 5.47 12.34 21. 98 20.35 Ti02 0 0.80 0.49 0.90 0 0 
MnO 0.75 0.31 0.97 0.61 0 0 
MgO 7.38 5.60 7.83 4. 77 0 0 
• 
FeO 27.82 25.93 29.39 24.16 0.76 0.35 
Cao 9.51 9.94 5.60 11.58 3.57 3.30 
K20 0.17 0 0 0.41 0 0 Na2o 0.99 1.08 0.67 1.85 10.16 8.42 
Total 99.79 100. 03 100.04 100.03 100.03 100.04 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 7.4951 7.1526 7.7624 6.8404 8.4601 8.8557 
Al 1.1178 1. 9586 1.0097 2.2924 3.4494 3.1441 
Ti 0 0.0942 0.0573 0.1062 0 0 
• Mn 0.1007 0.0404 0.1282 0.0819 0 0 Mg 1. 7469 1.3064 1.8282 1.1215 0 0 
Fe 3.6955 3.3920 3.8479 3.1848 0.0846 0.0383 
Ca 1.6190 1.6660 0.9394 1. 9554 0.5087 0.4637 
K 0.0349 0 0 0.0823 0 0 
• 
Na 0.3062 0.3264 0.2041 0.5657 2.6244 2.1403 
• 
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TABLE 11--(Continued) 
• Sample fl: 18 LlOA LlOA LlOA LlOA LlOA 
Location: Highway Highway Highway Highway Highway Highway 
599 599 599 599 559 599 
• Mineral: Feld- Amphi- Amphi- Garnet 
Garnet Garnet 
spar 3 bole 1 bole 2 lA lB lC 
Fluid: 
Oxide Wt% 
• Si02 65.21 45.57 41.42 37.03 38.36 37.79 
Al203 21.82 12.19 16.42 21.53 20.76 21.22 
Ti02 0 0.31 0.38 0 0 0 
MnO 0 0 0.85 5.31 5.73 5.94 
MgO 0 8.86 6.34 1.27 0.83 0.93 
• 
FeO 0.51 18.73 19.18 20.14 20.20 20.93 
Cao 3.81 12.57 12.80 14. 71 14.14 12.75 
K20 0 0.90 0.89 0 0 0 
Na20 8.67 0.87 1. 72 0 0 0.44 
Total 100.02 100.00 100.03 100.03 100.01 100.03 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 8.6035 6. 9698 6.4302 5.8806 6.0752 6.0030 
Al 3.3930 2.1967 3.0042 4.0292 3.8742 3. 9729 
Ti 0 0.0361 0.0439 0 0 0 
• Mn 0 0 0.1114 0.7145 0.7687 0.7984 
Mg 0 2.0204 1.4678 0.3017 0.1949 0.2190 
Fe 0.0567 2.3952 2.4903 2.6752 2.6745 2. 7793 
Ca 0.5383 2.0605 2.1285 2.5032 2.3999 2.1703 
K 0 0.1753 0.1763 0 0 0 
• 
Na 2.2166 0. 2577 0.5180 0 0 0.1346 
• 
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TABLE 11--(Continued) 
• Sample II: LlOA LlOA LllC LllC LllC LllC 
Location: Highway Highway Highway Highway Highway Highway 
599 599 599 599 599 599 
• 
Mineral: Pyrox- Pyrox- Amphi- Amphi- Amphi- Amphi-
ene lA ene lB bole 1 bole 2 bole 3 bole 4 
Fluid: 
Oxide Wt% 
• Si02 51. 97 52.35 49.80 46.47 49.28 48.64 
Al203 0 0 9.95 14.67 10.91 11.42 
Ti02 0.53 0 0.50 0.23 0.55 0.75 
MnO 0.97 o. 74 0 0.32 0.31 0.41 
MgO 7.87 9.36 13.92 12.06 13.64 11.81 
• 
FeO 14.51 14.45 14.31 12.48 14.25 13.62 
cao 23.46 22.30 9.53 11. 76 9.55 11.16 
KzO 0 0 0 0 0 0 
Na20 0.69 0.79 1. 75 1. 71 1.28 2 .11 
Total 100.04 100.04 99.75 99.70 99. 77 99.92 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 8.0350 8.0530 7.3522 6 .8774 7 .2711 7.2088 
Al 0 0 1. 7311 2.5588 1. 8963 1.9938 
Ti 0.0619 0 0.0555 0.0255 0.0615 0.0837 
• Mn 0.1264 0.0968 0 0.0395 0.0387 0.0512 Mg 1.8148 2.1460 3.0633 2.6609 2.9998 2.6094 
Fe 1.8754 1.8582 1. 76 71 1.5442 1.7587 1.6878 
Ca 3.8854 3.6754 1.5070 1.8651 1.5094 1. 7720 
K 0 0 0 0 0 0 
• 
Na 0.2076 0.2346 0.5003 0.4917 0.3667 0.6067 
• 
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TABLE 11--(Continued) 
• Sample II: LllC LllC LllC LllC LllC Ll2B 
Location: Highway Highway Highway Highway Highway Highway 
599 599 599 599 599 599 
• Mineral: Amphi- Amphi- Amphi- Amphi- Amphi- Amphi-bole 5 bole 6 bole 7 bole 8 bole 9 bole 1 
Fluid: 
Oxide Wt% 
• Si02 47 .49 45. 96 46.14 46.90 45.28 50.05 
Al203 13.82 14.85 15.12 15.08 15.67 7.59 
Ti02 0.35 0 0.38 0.90 0.38 0.46 
MnO 0 0 0.45 0 0 0. 77 
MgO 12.10 12.06 ll.24 12.00 ll.92 ll.53 
• 
FeO 12. 71 12.19 ll.83 11.24 12.66 15.23 
Cao ll.44 12.17 12. 72 11. 99 12.22 13.21 
K20 0 0 0 0 0 0.29 
Na2o 1. 78 2.47 1. 79 1.88 1.80 0.87 
Total 99.70 99.70 99.67 100.04 99.94 100.04 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 7.0098 6.8178 6.8361 6.8732 6.7064 7 .5092 
Al 2.4048 2. 5969 2.6401 2.6048 2.7354 1. 3415 
Ti 0.0387 0 0.0426 0.0993 0.0425 0.0519 
• Mn 0 0 0.0561 0 0 0.0977 Mg 2.6627 2.6670 2.4832 2.6218 2.6315 2.5789 
Fe 1.5691 1.5125 1.4661 1.3775 1.5685 1.9109 
Ca 1. 8091 1.9334 2.0196 1.8818 1.9394 2.1238 
K 0 0 0 0 0 0.0555 
• 
Na 0.5088 o. 7ll5 0.5139 0.5327 0.5180 0.2521 
• 
• 
• 285 
• 
TABLE 11--(Continued) 
• Sample It: Ll2B Ll2B Ll2B Ll2B Ll2B Ll4Bl 
Location: Highway Highway Highway Highway Highway Highway 
599 599 599 599 599 599 
• 
Mineral: Amphi- Amphi- Amphi- Feldspar Feldspar Amphi-
bole 2 bole 3 bole 4 1 2 bole 1 
Fluid: 
Oxide Wt% 
• Si02 47.21 49.56 45.17 62.19 56.99 48.11 
Al203 10.41 9. 72 12.43 23.57 25.70 11.40 
Ti02 o. 36 0.26 o. 71 0 0 0.28 
MnO 0.56 0 0.86 0 0 0 
MgO 10.91 11.51 9.89 0 0 8.37 
• 
FeO 16.12 13.55 16.44 0.35 0.55 17 .11 
Cao 13.54 12. 72 12.40 5.36 10.58 11.80 
K20 0.69 0.48 1.02 0 0 0 
Na20 0 1.96 1.07 8.52 6.18 2.93 
Total 99.80 99. 77 100.03 100.03 100.04 100.04 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 7.1467 7.3870 6.8791 8.2766 7. 7190 7.2598 
Al 1. 8577 1. 7065 2. 2311 3.6961 4.1024 2.0264 
Ti 0.0408 0.0294 0.0818 0 0 0.0319 
• Mn 0.0717 0 0 .1111 0 0 0 Mg 2.4619 2. 55 77 2.2460 0 0 1.8824 
Fe 2. 0411 1.6889 2.0938 0.0390 0.0617 2.1592 
Ca 2.1968 2.0315 2.0226 0.7648 1.5355 1. 9068 
K 0.1331 o. 0915 0.1987 0 0 0 
Na 0 0.5663 0.3163 2 .1972 1. 6217 0.8557 
• 
• 
• 
• 286 
• 
TABLE 11--(Continued) 
• Sample II: Ll4Bl Ll4Bl Ll4Bl L14Bl Ll4Bl L14Bl 
Location: Highway Highway Highway Highway Highway Highway 
599 599 599 599 599 599 
• Mineral: Amphi- Amphi- Amphi- Garnet Garnet 2 Garnet bole 2 bole 3 bole 4 1 (in a vein) 3 
Fluid: 
Oxide Wt% 
• Si02 48.13 50.99 47.14 44.50 46.93 45.51 
Al20 3 13.28 10.48 13.49 26.21 26.38 25.42 
Ti02 0.29 0. 96 0.24 0 0 0 
MnO 0.64 0 0.53 1.94 3.25 2.99 
MgO 7.56 9.39 9.01 3.74 2.55 3.03 
• 
FeO 16.96 16.13 18.24 17.91 15.49 17.04 
Cao 10.87 10.59 9.43 5.69 5.39 6.01 
K20 0 0 0 0 0 0 
Na20 2.27 1.45 1.91 0 0 0 
Total 100.03 100.04 100.04 100.04 100.04 100.04 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 7.2188 7.5454 7.0893 6. 5272 6.7944 6. 6722 
Al 2.3478 1.8274 2. 3911 4.5301 4.5000 4.3932 
Ti 0.0325 0.1068 0.0273 0 0 0 
• Mn 0.0817 0 0. 0672 0.2413 0.3984 0. 3714 
Mg 1.6900 2. 0728 2.0209 0.8182 0.5509 0.6619 
Fe 2 .1271 1. 9954 2.2942 2.1959 1.8751 2.0890. 
Ca 1. 7469 1.6790 1. 5186 0.8946 0.8364 0.9433 
K 0 0 0 0 0 0 
• 
Na 0.6591 0.4147 0. 5577 0 0 0 
• 
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TABLE 11--(Continued) 
• Sample ti: L21B L21B L21B L21B L21B L21B 
Location: Highway Highway Highway Highway Highway Highway 
599 599 599 599 599 599 
• Mineral: Amphi- Amphi- Amphi- Amphi- Amphi- Amphi-bole 1 bole 2 bole 3 bole 4 bole 5 bole 6 
Fluid: 
Oxide Wt% 
• Si02 50.52 50.25 51.76 53. 77 48.37 53.74 
Al203 8.29 7. 72 5.87 5.39 9.86 4.60 
Ti02 0.48 0.51 0.26 0 0.39 0.64 
MnO 0.27 0 0.60 0.80 0 0 
MgO 15.08 15 .09 16.30 14.76 14.24 15.80 
• 
FeO 10.25 11.18 10.05 9.29 11.00 9.99 
Cao 12.61 13.04 14.08 13.90 13.89 13. 77 
K2o 0.30 0.54 0.20 0.19 0.57 0.32 
Na2o 2.19 1.61 o. 96 1.67 1.68 0.70 
Total 100.03 99.92 100.07 99.75 100.04 99.56 
• Number of ions on the basis of 
24 oxygens 
Si 7.4143 7.4161 7.5911 7.8622 7.1643 7.8590 
Al 1.4339 1. 3426 1.0141 0.9283 1. 7206 0.7932 
• 
Ti 0.0532 0.0560 0.0291 0 0.0430 0.0702 
Mn. 0.0340 0 0.0739 0.0992 0 0 
Mg 3.2990 3.3194 3.5644 3.2170 3.1429 3.4444 
Fe 1. 2584 1. 3793 1.2331 1.1353 1. 3620 1.2219 
Ca 1. 9827 2.0613 2. 2116 2 .1776 2.2045 2.1565 
K 0.0569 0.1023 0.0369 0.0349 0 .1069 0.0596 
• 
Na 0.6221 0.4600 0.2730 0 .4722 0.4825 0.1976 
• 
• 
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TABLE 11--(Continued) 
• Sample II: L21B L21B L21B L21B L21B L21B 
Location: Highway Highway Highway Highway Highway Highway 
599 599 599 599 599 599 
• 
Mineral: Amphi- Amphi- Feld- Feld- Feld- Feld-
bole 7 bole 8 spar lA spar lB spar 2 spar 3 
Fluid: 
Oxide Wt% 
• Si02 50.63 52.97 58.32 58.06 56.45 60.86 
Al20 3 7.13 5.27 26.91 26.67 28.22 25.15 
Ti02 0.68 0 0 0 0 0 
MnO 0.74 0.84 0 0 0 0 
MgO 14.52 16.46 0 0 0 0 
• 
FeO 11.15 9.06 0 0.57 0 0 
CaO 13.39 13.21 7.93 8.18 9.35 6.30 
K20 0.62 0.31 0 0.15 0 0 
Na20 1.14 1.62 6.83 6.35 5.98 7.68 
Total 100.03 99.73 100.03 100.03 100.03 100.04 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 7.4853 7.7518 7.8050 7.6086 7.5855 8.0979 
Al 1.2426 0.9084 4.2446 4.4641 4.4691 3.9431 
Ti 0.0754 0 0 0 0 0 
• Mn 0.0928 0.1041 0 0 0 0 Mg 3.2002 3.5909 0 0 0 0 
Fe 1.3787 1.1088 0 0.0541 0 0 
Ca 2.1211 2.0710 1.1365 1.2911 1.3462 0.8984 
K 0.1165 0.0586 0 0.0258 0 0 
• 
Na 0.3261 0.4588 1. 7729 1.4564 1.5580 1. 9818 
• 
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TABLE 11--(Continued) 
• Sample {I: MFlA MFlA MFlA MFlA MFlA MFlA 
Location: Camping Camping Camping Camping Camping Camping 
Lake Lake Lake Lake Lake Lake 
• 
Mineral: Biotite Biotite Biotite Garnet Garnet Garnet 
1 2C 3 1 2 3 
Fluid: 3% 3% 3% 
Oxide Wt% 
• Si02 35.87 36.17 35 .42 37. 72 38.26 37.45 Al203 20.05 19.52 20.33 20.90 21.68 22.04 
Ti02 3.13 2.47 2.60 0 0 0 
MnO 0 0.35 0.27 1.59 1.46 1. 76 
MgO 9.29 8.97 9.03 4.75 4.43 4.20 
• 
FeO 19.92 16.99 18.38 34.51 33.39 32.93 
Cao 0.95 1.01 0.89 0.54 o. 77 0.89 
K2o 7.73 11.53 9.99 0 0 0 
Na20 0 ·o 0 0 0 0.73 
Total 99.95 100.01 99.90 100.02 100.03 100.04 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 5.3938 5.4892 5.3685 6.0251 6.0636 5 .9604 
Al 3.5523 3.4911 3.6319 3.9342 4.0498 4.1331 
Ti 0.3539 0.2816 0.2960 0 0 0 
• Mn 0 0.0455 0.0345 0.2153 0.1954 0.2370 Mg 2.0833 2.0294 2.0399 1.1317 1.0463 0.9968 
Fe 2.5039 2.1557 2.3302 4.6092 4.4252 4.3820 
Ca 0.1531 0.1649 0.1445 0.0920 0 .1306, 0.1514 
K 1.4834 2.2321 1.9316 0 0 0 
Na 0 0 0 0 0 0.2237 
• 
• 
• 
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TABLE 11--(Continued) 
• Sample#: MF4A MF4A MF4A MF16 MF16 MF16 
Location: Camping Camping Camping Chukuni Chukuni Chukuni 
Lake Lake Lake River River River 
• 
Mineral: Biotite Garnet Garnet Biotite Biotite Garnet 
1 1 2 1 2 1 
Fluid: 3% 3% 2.29% 
Oxide Wt% 
• Si02 36.48 38.03 37.17 36.83 35.94 37.52 
Al20 3 18.57 22.02 21.29 19.76 19.14 20.84 
Ti02 2.56 0 0 2.52 2.40 0 
MnO 0.33 4. 72 5.15 0 1.14 7.60 
MgO 10.49 3.09 3.17 9.80 10.45 3.49 
• 
FeO 17.80 30.51 31.80 16.59 16.53 29.40 
Cao 0.74 1.64 1.41 0.91 0.86 1.14 
K20 9.49 0 0 10.16 10.40 0 
Na20 0.48 0 0 0 0.84 0 
Total 99.94 100.03 100.04 99.57 100.00 100.04 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 5.5059 6.0503 5.9810 5.5382 5.8257 6.0303 
Al 3.3026 4.1283 4.0365 3.5026 3.6564 3.9476 
Ti 0.2901 0 0 0.2851 0.2924 0 
• Mn 0.0425 0.6356 0.7018 0 0.1560 1.0345 Mg 2.3610 0.7334 0.7592 2.1980 2.5256 0.8363 
Fe 2.2463 4.0585 4.2782 2.0865 2.2397 3.9504 
Ca 0.1199 0.2789 0.2437 0.1464 0.1501 0.1964 
K 1.8267 0 0 1.9482 2.1499 0 
Na 0.1410 0 0 0 0.2648 0 
• 
• 
• 
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TABLE 11--(Continued) 
• Sample II: MF19 MF19 MF19 MF19 RL2 
Location: Chukuni Chukuni Chukuni Chukuni Near Vermilion 
River River River River Bay, Ontario 
• Mineral: Biotite Biotite Garnet Garnet Biotite lA 1B lC 1 
Fluid: 2.31 3% 2.5% 
• 
Oxide Wt% 
Si02 36.06 35.22 36.62 36.25 35.92 
Al203 19.96 20.52 22.04 22.02 19.44 
Ti02 1.37 0.94 0 0 2. 72 
MnO 0.35 0.66 7.01 7.01 0 
MgO 9.87 10.30 2.83 3.43 8.11 
• 
FeO 18.42 17.62 30.54 30.15 20.02 
Cao 0.97 o. 77 0.96 1.14 1.15 
K20 10.69 10.61 0 0 10.16 
Na20 0 0.67 0 0 0 
Total 100.00 99.87 100.04 100.03 100.02 
• Number of ions on the basis of 
24 oxygens 
Si 5.8586 5. 3496 5.9016 5.8430 5.8705 
Al 3.8204 3.6741 4.1854 4.1819 3.7453 
• 
Ti 0.1668 0.1068 0 0 0.3344 
Mn 0.0480 0.0849 0.9568 0.9573 0 
Mg 2.3907 2.3326 0.6801 0.8235 1.9761 
Fe 2.5021 2.2386 4.1152 4.0630 2.7362 
Ca 0.1696 0.1249 0.1663 0.1969 0.2007 
K 2.2151 1.9692 0 0 2.1174 
• 
Na 0 0.1971 0 0 0 
• 
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TABLE 11--(Continued) 
• Sample /J: RL2 RL2 RL2 RL52 
Location: Near Vermilion Near Vermilion Near Vermilion Highway 
Bay, Ontario Bay, Ontario Bay, Ontario 105 
• Mineral: Cordierite 1 Cordierite 2 Cordierite 3 Biotite 1 
Fluid: 3% 
Oxide Wt% 
• Si02 50.46 49.02 49.35 35.73 
Al203 35.41 33.15 33.96 15.17 
Ti02 0.35 0 0 4.50 
MnO 0.38 0.55 0.56 0 
MgO 8.33 8.10 7.59 8.83 
• 
FeO 4.00 8.60 8.44 20.54 
Cao 0.31 0.19 0 0.58 
K20 0 0 0.14 10.77 
Na20 0.75 0.40 0 0.88 
Total 100.04 100.00 100.03 100.00 
• Number of ions on the basis of 
24 oxygens 
Si 6.6832 6.6481 6.6662 5.9661 
Al 5.5278 5.2985 5.4061 2.9861 
• 
Ti 0.0353 0 0 0.5647 
Mn 0.0424 0.0626 0.0644 0 
Mg 1.6444 1.6372 1.5283 2.1969 
Fe 0.4430 0.9748 0.9535 2.8679 
Ca 0.0444 0.0279 0 0.1035 
K 0 0 0.0237 2.2945 
• 
Na 0.1930 0.1060 0 0.2863 
• 
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TABLE 11--(Continued) 
• Sample If: RL52 RL52 RL52 RL54 RL120 RL120 
Location: Highway Highway Highway Highway Highway Highway 
105 105 105 105 105 105 
• Mineral: Garnet Garnet Garnet Amphi- Biotite Garnet lA 1B 2 bole lA 
Fluid: 3.12% 3% 
Oxide Wt% 
• Si02 38.13 37.62 37.02 47.49 34.52 38.18 
A12o3 20.96 21.38 21.13 7.66 15.22 21.28 
Ti02 0 0 0 0.89 4.68 0 
MnO 7.29 8.76 6.90 0 0 4.48 
MgO 3.84 2.39 4.19 12.13 8.99 3.22 
• 
FeO 27.36 27.09 27.62 14.38 21.13 30.35 
Cao 2.41 2.21 2.33 12.63 1.10 2.49 
K20 0 0 0 0 10.18 0 
Na2o 0 0.55 0.81 1. 71 0.92 0 Total 100.03 100.04 100.04 100.00 99.73 100.04 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 6.0730 6.0370 5.9283 6.8311 5.3839 6.0842 
Al 3.9352 4.0426 3.9877 1. 2978 2.7970 3.9959 
• 
Ti 0 0 0 0.0966 0.5493 0 
Mn 0.9839 1.1901 0.9365 0 0 0.6040 
Mg 0. 9113 0.5774 1. 0016 2.6004 2.0900 0.7645 
Fe 3.6448 3.6354 3.6988 1. 7292 2.7557 4.0444 
Ca 0.4109 0.3794 0.3995 1. 9458 0.1840 0.4244 
K 0 0 0 0 2.0251 0 
• 
Na 0 0.1710 0.2500 0.4773 0.2767 0 
• 
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TABLE 11--(Continued) 
• Sample ti: RL120 RL331 RL331 RL331 RL331 
Location: Highway Ear Falls, Ear Falls, Ear Falls, Ear Falls, 
105 Ontario Ontario Ontario Ontario 
• Mineral: Garnet Perthite Perthite Perthite Plagio-lB 1 2 3 clase lA 
Fluid: 
• 
Oxide Wt% 
SiOz 37.28 63.41 64.42 63.98 69.38 
Al203 21.83 19.93 19.82 20.09 20.64 
Ti02 0 0 0 0.22 0 
MnO 5.42 0 0 0.22 0 
MgO 3.10 0.51 0.59 0.74 0 
• FeO 30.02 0.01 0 0 
0 
Cao 2.35 0.66 o. 77 0. 72 1.49 
K20 0 8.25 8.49 7.57 0 
Na2o 0 7.27 5.94 6.51 8.50 
Total 100.04 100.07 100.06 100.08 100.01 
• Number of ions on the basis of 
24 oxygens 
Si 5.9652 8.6569 8.7492 8.6775 8. 996 7 
Al 4.1174 3.2054 3 .1713 3.2103 3.1542 
• 
Ti 0 0 0 0.0216 0 
Mn 0.7346 0 0 0.0239 0 
Mg 0.7393 0.1021 0.1173 0.1491 0 
Fe 4.0170 0 0 0 0 
Ca 0.4022 0.0962 0.1107 0.1029 0.2073 
K 0 1.4353 1. 4698 1. 3093 0 
• 
Na 0 1.9236 1.5628 1. 7108 2.1357 
• 
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TABLE 11--(Continued) 
• Sample II: RL331 RL331 RL343 RL343 
Location: Ear Falls, Ear Falls, Ear Falls, Ear Falls, 
Ontario Ontario Ontario Ontario 
• Mineral: Plagioclase Plagioclase Biotite 1 Cordierite 1 lB 2A 
Fluid: 3% 
• 
Oxide Wt% 
Si02 66.76 67.25 33.80 47.94 
Al203 21.10 21.88 19.06 33.20 
Ti02 0 0.20 3.36 0 
MnO 0 0 0.42 0.34 
MgO 0.31 0.29 9.95 8.90 
• FeO 0.28 0 19.53 
8.54 
Cao 1. 76 1.57 0.89 0 
K20 0 0.19 8.92 0.24 
Na2o 9.64 8.61 1.19 o. 72 
Total 99.90 100.05 100.11 99.89 
• Number of ions on the basis of 
24 oxygens 
Si 8.7676 8.7685 5.1691 6.5324 
Al 3.2654 3.3626 3.4356 5.3319 
• 
Ti 0 0.0194 0.3860 0 
Mn 0 0 0.0543 0.0393 
Mg 0.0612 0.0561 2. 26 77 1.8086 
Fe 0.0303 0 2.4982 0.9735 
Ca 0. 24 72 0.2192 0.1458 0 
K 0 0.0322 1.7396 0.0418 
• 
Na 2.4554 2.1770 0.3540 0.1897 
• 
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TABLE 11--(Continued) 
• Sample II: RL343 RL343 RL343 RL360 RL360 
Location: Ear Falls, Ear Falls, Ear Falls, Highway Highway 
Ontario Ontario Ontario 105 105 
• Mineral: Cordierite Cordierite Garnet 1 Biotite Biotite 2 3 lA lB 
Fluid: 3.5% 3% 
• 
Oxide Wt% 
Si02 49.12 49.68 36. 57 36.48 35.26 
Al203 33.27 33.53 21. 71 16.16 14.93 
Ti02 0 0 0 2.99 3.03 
MnO 0.59 0.45 6.80 0 0 
MgO 7.94 8.51 3.13 11.99 12.57 
• 
FeO 8.11 7.09 30.54 17.09 19.27 
CaO 0 0 1.12 1.37 1.27 
K20 0 0.21 0 9.95 10.31 
Na20 0.96 0.43 0 0.48 0.51 
Total 100.04 99.90 99.86 100.01 100.14 
• Number of ions on the basis of 
24 oxygens 
Si 6.6563 6. 6911 5.9030 5.5501 5.4242 
Al 5.3132 5.3228 4.1296 2.8983 2.7067 
• 
Ti 0 0 0 0.3425 0.3501 
Mn 0.0674 0.0516 0. 9292 o o 
Mg 1.6045 1.7089 0.7533 2. 7202 2.8829 
Fe 0. 9189 0.7984 4.1229 2.1738 2.4783 
Ca o 0 0.1939 0.2230 0.2099 
K 0 0.0356 0 1. 9314 2.0224 
• 
Na 0.2529 0.1132 o 0.1404 0.1514 
• 
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TABLE 11--(Continued) 
• Sample II: RL360 RL360 SVl SVl 
Location: Highway Highway Near Savant Near Savant 
105 105 Lake, Ontario Lake, Ontario 
• Mineral: Garnet Garnet Biotite 1 Biotite 2 lA lB 
Fluid: 3% 3% 
• 
Oxide Wt% 
Si02 37.49 37.75 44.46 35.98 
Al2o 3 22.20 20.55 34.23 18.90 
Ti02 0 0 0 2.04 
MnO 4.75 5.51 0.32 0 
MgO 3.83 4.06 1.05 8.79 
• 
FeO 29.14 29.21 3.98 20.04 
Cao 2.43 2.30 1.09 0.62 
K20 0 0 10.97 10.61 
Na2o 0 0.64 0.66 0 
Total 99.84 100.02 99.76 99.98 
• Number of ions on the basis of 
24 oxygens 
Si 5. 9609 6.0374 6.1091 5.5001 
Al 4.1604 3.8728 5.5423 3.4048 
• 
Ti 0 0 0 0.2341 
Mn 0.6397 0.7458 0.0369 0 
Mg 0.9091 0.9688 0.2160 2.0042 
Fe 3.8747 3.9066 0.4567 2.5613 
Ca 0.4136 0.3945 0.1603 0.1014 
K 0 0 1.9234 2.0699 
• 
Na 0 0.1998 0 .1770 0 
• 
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TABLE 11--(Continued) 
• Sample II: SVl SVl SVl 
Location: Near Savant Near Savant Near Savant 
Lake, Ontario Lake, Ontario Lake, Ontario 
• Mineral: Biotite 3 Garnet 1 Garnet 2 
Fluid: 
• 
Oxide Wt% 
Si02 36.05 38.40 38.50 
Al203 18.67 21. 75 21.69 
Ti02 2.29 0 0 
MnO 0.48 7.89 7.40 
MgO 7.93 2.00 2.27 
• FeO 
20.61 23.22 23.83 
Cao 0.62 6.74 6.30 
K20 10.25 0 0 Na20 0 0 0 
Total 99.89 100.00 100.03 
• Number of ions on the basis of 
24 oxygens 
Si 5.5304 6.0816 6.0920 
Al 3.3740 4.0584 4.0453 
• 
Ti 0.2638 0 0 
Mn 0.0620 1.0580 o. 9910 
Mg 1.8134 0.4722 0.5350 
Fe 2.6429 3.0752 3.1531 
Ca 0.1011 1.1434 1.0685 
K 2.0057 0 0 
• 
Na 0 0 0 
• 
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TABLE 11--(Continued) 
• Sample II: SV32 SV32 VR13A VR13A 
Location: Near Savant Near Savant Vermilion Vermilion 
Lake, Ontario Lake, Ontario River Road River Road 
• Mineral: Garnet 1 Garnet 2 Biotite 1 Biotite 2 
Fluid: 3.5% 3.5% 
Oxide Wt% 
• Si02 39.15 40.23 36.30 35.31 
Al203 21.40 24.26 19.85 18.59 
Ti02 0 0 1.50 2.84 
MnO 1.28 1.96 0 0 
MgO 2.29 2 .96 10.69 10.04 
• 
FeO 31.81 28.06 16.47 17.22 
cao 3.70 2.53 0.54 0.74 
K20 0 0 10. 71 10.65 
Na20 0 0 0.59 0.99 
Total 99.63 100.04 100.13 99.89 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 6.2145 6.2054 5.4834 5.3996 
Al 4.0039 4.4099 3.5330 3.3503 
• 
Ti 0 0 0.1703 0.3266 
Mn 0.1719 0.2555 0 0 
Mg 0.5418 0 .6796 2.4065 2.2898 
Fe 4.2219 3.6199 2.0800 2.2015 
Ca 0.6292 0.4189 0.0873 0.1214 
K 0 0 2.0629 2.0780 
• 
Na 0 0 0 .1714 0.2943 
• 
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TABLE 11--(Continued) 
• Sample If: VR13A VR13A VR13B VR13A 
Location: Vermilion Vermilion Vermilion Vermilion 
River Road River Road River Road River Road 
• 
Mineral: Biotite 3 Cordierite Cordierite Cordierite 
lA 1B 2A 
Fluid: 3% 
Oxide Wt% 
• Si02 35.19 49.52 49.46 49.84 
Al203 18.89 32.87 33.87 33.67 
Ti02 1.85 0.21 0 0 
MnO 0 0 0 0 
MgO 11.40 9.27 8.51 9.18 
• 
FeO 17.85 7.57 7.75 7.44 
Cao 0.56 0 0 0 
K20 10.33 0 0 0 
Na20 0.81 0.55 0.46 0 
Total 99.87 99.74 100.06 100.14 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 5.3553 6.6717 6.6537 6.6782 
Al 3.3880 5.2179 5.3689 5. 3172 
Ti 0. 2117 0.0209 0 0 
• Mn 0 0 0 0 Mg 2.5853 1.8622 1. 7070 1.8335 
Fe 2.2713 0.8528 0.8718 0.8340 
Ca 0.0906 0 0 0 
K 2.0048 0 0 0 
Na 0.2393 0.1448 0.1205 0 
• 
• 
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TABLE 11--(Continued) 
• Sample II: VR13A VR13A VR13A VR13A 
Location: Vermilion Vermilion Vermilion Vermilion 
River Road River Road River Road River Road 
• Mineral: Cordie rite Garnet lA Garnet 1B Garnet 2A 2B 
Fluid: 
Oxide Wt% 
• Si02 48.69 38.33 37.52 36.56 
Al203 33.67 21.45 21.40 21.32 
Ti02 0 0 0 0 
MnO 0.37 1.92 2.84 1.96 
MgO 8.89 5.21 4.37 5.42 
• 
FeO 7.90 31.96 32.74 32.94 
Cao 0 1.11 1.12 1.13 
K20 0 0 0 0.14 
Na2o 0.39 0 0 0.54 
Total 99.91 100.04 100.03 100.01 
• Number of ions on the basis of 
24 oxygens 
Si 6.5849 6.0564 5.9881 5.8523 
Al 5.3665 3.9943 4.0246 4.0222 
• 
Ti 0 0 0 0 
Mn 0.0420 0.2568 0.3834 0.2657 
Mg 1. 7931 1. 2276 1.0405 1.2946 
Fe 0.8935 4.2225 4.3694 4.4096 
Ca 0 0.1885 0.1916 0.1932 
K 0 0 0 0.0294 
• 
Na 0.1031 0 0 0.1673 
• 
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TABLE 11--(Continued) 
• Sample II: VR13A VR13A VR17A VR17A 
Location: Vermilion Vermilion Vermilion Vermilion 
River Road River Road River Road River Road 
• Mineral: Garnet 2B Plagioclase Biotite 1 Biotite 2 
Fluid: 3% 3% 
Oxide Wt% 
• Si02 37.54 62.50 36. 77 35.78 
Al203 21.16 24.30 19.22 19.91 
Ti02 0 0 1.12 1. 79 
MnO 2. 72 0 0.38 0 
MgO 4.35 0 11.03 11.61 
• 
FeO 32.79 0 16.61 16.76 
CaO 1.00 5.47 o. 71 1.06 
K20 0 0 9.59 10.02 
Na2o 0.51 7.73 1.41 0 
Total 100.07 100.03 99.84 99.94 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 5. 9963 8.2731 5.5368 5.3810 
Al 3.9834 3.7913 3.4108 3.5295 
Ti 0 0 0.1269 0.2024 
• Mn 0.3674 0 0.0484 0 Mg 1.0354 0 2.4774 2.6040 
Fe 4.3786 0 2.0917 2 .1082 
Ca 0 .1716 0.7754 0.1146 0.1705 
K 0 0 1.8419 1. 9230 
• 
Na 0.1580 1.9825 0.4127 0 
• 
• 
• 303 
• 
TABLE 11--(Continued) 
• Sample ff: VR17A VR17A VR17A VR17A 
Location: Vermilion Vermilion Vermilion Vermilion 
River Road River Road River Road River Road 
• Mineral: Biotite 3 Garnet !A Garnet lB Garnet 2A 
Fluid: 3.5% 
Oxide Wt% 
• Si02 37.44 37.12 38.17 38. 34 
Al203 18.95 22.47 22.34 21.63 
Ti02 1.94 0 0 0 
MnO 0 3.38 3.04 2.79 
MgO 9.51 3.44 4.03 3.51 
• 
FeO 17.35 32.81 31.28 32.04 
CaO 0.83 0.80 0.91 0.93 
K20 10.40 0 0 0 
Na20 0 0 0 o. 77 
Total 99.92 100.01 99.76 100.03 
• Number of ions on the basis of 
24 oxygens 
Si 6.0912 5.9293 6.0451 6.0928 
Al 3.6344 4.2299 4.1692 4.0502 
• 
Ti o. 2372 0 0 0 
Mn 0 0.4567 0.4079 0.3758 
Mg 2.3076 0.8195 0.9506 0.8305 
Fe 2.3602 4.3831 4.1428 4.2568 
Ca 0.1440 0.1368 0.1543 0.1578 
K 2.1588 0 0 0 
• 
Na 0 0 0 0.2359 
• 
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TABLE 11--(Continued) 
• Sample II: VR17A VR17A VR17A VR18B 
Location: Vermilion Vermilion Vermilion Vermilion 
River Road River Road River Road River Road 
• Mineral: Garnet 2B Garnet 3A Garnet 3B Biotite 1 
Fluid: 
Oxide Wt% 
• Si02 38.35 38. 71 37.53 37.43 
Al203 21.49 22.50 21.64 17.70 
Ti02 0 0 0 3.06 
MnO 2.97 3.46 5.26 0 
MgO 3.47 3.66 3.38 12.38 
• 
FeO 32.38 30.54 31.00 17.53 
Cao 1.19 1.12 1.18 0.54 
K20 0 0 0 10.59 
Na20 0 0 0 0.76 
Total 99.86 100.04 100.03 100.03 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 6.1061 6.0998 6.0052 5.9126 
Al 4.0329 4 .1777 4.0801 3.2946 
• 
Ti 0 0 0 0.3639 
Mn 0.4006 0.4622 0. 7134 0 
Mg 0.8238 0.8590 0.8053 2.9152 
Fe 4.3103 4.0237 4.1482 2.3158 
Ca 0.2035 0.1886 0.2023 0.0909 
K 0 0 0 2 .1334 
• 
Na 0 0 0 0.2322 
• 
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TABLE 11--(Continued) 
• Sample II: VR18B VR18B VR18B VR18B 
Location: Vermilion Vermilion Vermilion Vermilion 
River Road River Road River Road River Road 
• Mineral: Biotite 2 Biotite 3 Cordierite Cordierite 1 2 
Fluid: 3% 3% 
Oxide Wt% 
• Si02 35.46 37.23 50.18 49.91 
Al203 17.32 17.81 32.66 33.66 
Ti02 3.04 2.74 0 0 
MnO 0 0 0 0.27 
MgO 12.00 11.62 9.23 8.83 
• 
FeO 17.28 16.75 7.92 7.25 
CaO 0.45 0.50 0 0 
K20 9.51 10.26 0 0 
Na20 1.52 0 0 0 
Total 99.57 99.91 99.99 99.92 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 5.3951 5.5939 6.7475 6.7006 
Al 3.1058 3.1530 5.1762 5.3251 
Ti 0.3480 0.3091 0 0 
• Mn 0 0 0 0.0306 Mg 2. 7218 2.6033 1.8498 1. 7663 
Fe 2.1985 2.1049 0.8905 0.8141 
Ca 0.0730 0.0807 0 0 
K 1.8463 1. 9656 0 0 
• 
Na 0.4481 0 0 0 
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TABLE 11--(Continued) 
• Sample IJ: VR18B VR18B VR18B VR18B 
Location: Vermilion Vermilion Vermilion Vermilion 
River Road River Road River Road River Road 
• Mineral: Cordierite Garnet lA Garnet lB Garnet 2A 3 
Fluid: 
Oxide Wt% 
• 37.49 Si02 50.54 38.13 37.99 
Al203 33.27 21.70 21.13 21.64 
Ti02 0 0 0 0 
MnO 0.25 1.60 1.58 1.46 
MgO 9.02 5.31 4.27 5.65 
• 
FeO 7.01 32.41 33.98 32.53 
Cao 0 0.80 1.05 1.21 
K20 0 0.27 0 0 
Na2o 0 0 0 0 
Total 100.10 99.95 100.04 100.04 
• Number of ions on the basis of 
24 oxygens 
Si 6.7599 6.0287 6.0552 5.9422 
Al 5.2453 4.0433 3. 9697 4.0433 
• 
Ti 0 0 0 0 
Mn 0.0280 0.2145 0.2126 0.1964 
Mg 1. 7994 1.2517 1.0146 1.3359 
Fe 0.7844 4.2495 4.5292 4.3119 
Ca 0 0.1348 0.1784 0.2061 
K 0 0. 0536 0 0 
• 
Na 0 0 0 0 
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TABLE 11--(Continued) 
Sample JI: VR18B VR18B VR18B VR20A 
Location: Vermilion Vermilion Vermilion Vermilion 
River Road River Road River Road River Road 
• Mineral: Garnet 2B Garnet 3A Garnet 3B Biotite 1 
Fluid: 3% 
Oxide Wt% 
• Si02 38.84 37.78 36.88 35.40 
Al203 22.08 21.43 22.27 18.29 
Ti02 0 0 0 2.74 
MnO 1.41 1.43 1.54 0.23 
MgO 5.35 5.77 5.84 9.26 
• 
FeO 30.92 32.66 32.15 19.24 
Cao 1.18 0.93 1.07 0.45 
K20 0.21 0 0.25 10.76 
Na20 0 0 0 0.51 
Total 100.04 100 .03 100.03 99.89 
• Number.of ions on the basis of 
24 oxygens 
Si 6.0872 5.9826 5.8493 5.4304 
Al 4.0777 3.9987 4.1618 3.3073 
• 
Ti 0 0 0 0.3165 
Mn 0.1876 0.1919 0.2064 0.0300 
Mg 1. 2498 1. 3619 1.3813 2.1166 
Fe 4.0516 4.3246 4.2636 2.4676 
Ca 0.1983 0.1580 0.1817 0.0740 
K 0.0424 0 0.0504 2.1053 
• 
Na 0 0 0 0.1521 
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TABLE 11--(Continued) 
• Sample If: VR20A VR20A VR20A VR20A 
Location: Vermilion Vermilion Vermilion Vermilion 
River Road River Road River Road River Road 
• Mineral: Biotite 2 Biotite 3 Biotite 4 Garnet lA 
Fluid: 3% 3% 1.5% 
• 
Oxide Wt% 
I 
Si02 35.39 35.93 36.58 36.86 
Al203 18.49 18.83 18.31 21.09 
Ti02 2.16 2.46 2.57 0.35 
MnO 0 0 0.34 1.66 
MgO 9.19 10.13 10.58 5.45 
• FeO 
20.33 17.99 18.61 32.43 
Cao 1.28 0.55 0.88 1.19 
K20 10.02 10.26 10.63 0 
Na20 0 0.75 0 0.96 
Total 99.85 99.90 100.00 100.04 
• Number of ions on the basis of 
24 oxygens 
Si 5.4292 5.4536 5.9029 5.8820 
Al 3.3424 3.3679 3.4810 3. 9664 
• 
Ti 0. 2496 0.2809 0.3115 0.0425 
Mn 0 0 0.0465 0.2248 
Mg 2.1017 2.2912 2.5451 1. 2957 
Fe 2.6078 2.2835 2.5109 4.3275 
Ca 0.2100 0.0898 0.1528 0.2041 
K 1. 9612 1.9864 2 .1877 0 
• 
Na 0 0.2221 0 0.2974 
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TABLE 11--(Continued) 
Sample 11: VR20A VR20A VR20A VR20A 
Location: Vermilion Vermilion Vermilion Vermilion 
River Road River Road River Road River Road 
• 
Mineral: Garnet lB Garnet 2 Garnet 3A Garnet 3B 
Fluid: 
Oxide Wt% 
• Si02 38.08 37.57 36.74 36.30 
Al2D3 21.14 21.64 21.16 21.41 
Ti02 0 0 0.42 0 
MnO 2.35 1.94 1.85 2.09 
MgO 3.79 5.38 4.27 4.07 
• 
FeO 33.40 32.44 34.30 33.99 
Cao 1.07 1.09 1.03 1.04 
K20 0.12 0 0 0 
Na2o 0 0 0 1.09 
Total 99.96 100.06 99.77 100.04 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 6.0791 5.9569 5.9087 5.8518 
Al 3. 9777 4.0443 4.0105 4 .0671 
Ti 0 0 0.0512 0 
• Mn 0.3178 0.2607 0.2518 0.2859 Mg 0.9023 1. 2721 1.0227 0.9788 
Fe 4.4590 4.3010 4. 6119 4.5808 
Ca 0.1835 0.1856 0.1777 0.1795 
K 0.0245 0 0 0 
• 
Na 0 0 0 0.3402 
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TABLE 11--(Continued) 
• Sample fl: VR35 VR35 VR35 VR35 
Location: Vermilion Vermilion Vermilion Vermilion 
River Road River Road River Road River Road 
• Mineral: Biotite 1 Biotite 2 Biotite 3 Cordierite 1 
Fluid: 2.5% 3% 2.13% 
Oxide Wt% 
• 37.15 35.89 38.59 49.44 Si02 
Al203 16.59 15.47 16. 77 33. 72 
Ti02 64.40 4.06 3.24 0.27 
MnO 0 0 0 0 
MgO 12.10 11.96 13.25 9.33 
• 
FeO 15.32 17.85 15.96 6.30 
Cao 0.66 0.48 0.73 0.15 
K20 11.31 10. 76 10.29 0.40 
Na20 0.94 0.49 0 0.61 
Total 100.01 99.96 100.00 100.22 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 5.5198 5.4822 5.6555 6.6256 
Al 2.9053 2.7856 2.8965 5.3266 
• 
Ti 0.4911 0.4664 0.3568 0.0274 
Mn 0 0 0 0 
Mg 2.6804 2. 7238 2.8955 1.8634 
Fe 1.9036 2.2800 1. 9556 0.7055 
Ca 0.1042 0.0784 0.1146 0. 0210 
K 2.1425 2.0966 1. 9243 0.0683 
• 
Na 0.2700 0.1451 0 0.1590 
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TABLE 11--(Continued) 
• Sample fl: VR35 VR35 VR35 VR35 
Location: Vermilion Vermilion Vermilion Vermilion 
River Road River Road River Road River Road 
• Mineral: Cordierite Cordierite Cordierite Cordierite 2A 2B 3A 3B 
Fluid: 
Oxide Wt% 
• Si02 50.98 49.76 49.21 50.65 
Al203 33.03 32.14 33.06 33. 72 
Ti02 0 0 0 0 
MnO 0.58 0 0.32 0 
MgO 8.58 9.71 9.75 9.10 
• 
FeO 6.31 6. 72 7.21 6.35 
CaO 0 0 0 0 
K20 0 0.28 0 0.17 
Na2o a.so 1.37 0.45 o· 
Total 100.04 100.04 100.04 100.04 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 6.8194 6.7111 6.6300 6.7575 
Al 5. 2077 5.1089 5.2489 5.3009 
• 
Ti 0 0 0 0 
Mn 0.0657 0 0.0363 0 
Mg 1. 7120 1.9521 1. 9592 1.8106 
Fe 0.7062 0.7583 0.8123 0.7087 
Ca 0 0 0 0 
K 0 0.0487 0 0.0280 
• 
Na 0.1306 0.3588 0.1169 0 
• 
• 
• 312 
• 
TABLE 11--(Continued) 
• Sample fl: VR35 VR35 VR35 VR35 
Location: Vermilion Vermilion Vermilion Vermilion 
River Road River Road River Road River Road 
• Mineral: Garnet lA Garnet lB Garnet 2A Garnet 2B 
Fluid: 
Oxide Wt% 
• Si02 37.89 37.64 37.68 38.32 
Al203 20.81 21.39 21.38 21.21 
Ti02 0.49 0 0 0 
MnO 1.39 0.49 1.18 0.75 
MgO 6.96 6.08 6.48 6.54 
• 
FeO 31.43 32.86 32.52 32.07 
CaO 1.02 0.80 0.76 1.09 
K20 0 0 0 0 
Na20 0 0.74 0 0 
Total 100.04 100.04 100.04 100.03 
• Number of ions on the basis of 
24 oxygens 
Si 5.9732 5.9587 5.9561 6.0303 
Al 3.8664 3.9895 3.9829 3.9333 
• 
Ti 0.0580 0 0 0 
Mn 0.1861 0.0653 0.1578 0.0997 
Mg 1.6347 1.4341 1. 5274 1.5353 
Fe 4.1439 4.3495 4.2987 4.2199 
Ca 0.1729 0.1352 0.1293 0.1842 
K 0 0 0 0 
• 
Na 0 0.2279 0 0 
• 
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TABLE 11-- (Continued) 
• Sample II: VR35 VR35 
Location: Vermilion Vermilion 
River Road River Road 
• Mineral: Garnet 3A Garnet 3B 
Fluid: 
Oxide Wt% 
• Si02 38.82 38.98 
Al203 21.15 21. 72 
Ti02 0 0 
MnO 1.11 0.80 
MgO 6.80 6.34 
• 
FeO 31.03 31.39 
Cao 1.09 0. 77 
K20 0 0 
Na2o 0 0 
Total 100.04 100.04 
• 
Number of ions 
on the basis of 
24 oxygens 
Si 6.0804 6.0921 
Al 3.9043 4.0016 
• 
Ti 0 0 
Mn 0.1470 0.1061 
Mg 1.5876 1.4762 
Fe 4.0644 4.1025 
Ca 0.1836 0.1283 
K 0 0 
• 
Na 0 0 
• 
• 
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